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To 


PROFESSOR T. THORVALDSON 
this issue is dedicated by his 
friends and students as a tribute 
on the occasion of his retirement 
as Director of the Chemistry 
Department at the University 


of Saskatchewan 











Dr. Thorbergur Thorvaldson 


Thorbergur Thorvaldson was born in Iceland but came to Canada as a child 
with his parents who settled on the west shore of Lake Winnipeg in the neigh- 
borhood of Gimli. He attended public and high school in Manitoba and then 
entered Wesley College (University of Manitoba) where he took the Arts 
course with chemistry as his special subject. 

After graduation with honors he proceeded to Harvard University for 
graduate study and came under the direction of T. W. Richards and G. P. 
Baxter, two of America’s most distinguished chemists whose influence shaped 
Thorvaldson’s scientific outlook in no small measure. His studies in thermo- 
chemistry and atomic weight determination in the Harvard laboratories gave 
him those ideals of accuracy and thoroughness that are part of the Harvard 
chemical tradition and which have been conspicuous in his own researches all 
through his subsequent career. He received his doctorate in 1911 and was 
awarded a traveling fellowship which enabled him to spend a vear at the 
University of Liverpool under F. G. Donnan working on problems of electro- 


chemistry, and a year in Germany mostly at Dresden studying photochemistry 
with R. Luther. 


After his return to America he spent another year at Harvard in teaching 
and research and then in 1914 was appointed Assistant Professor of Chemistry 
at the University of Saskatchewan. Here he began the teaching of quantita- 
tive analysis and physical chemistry which he has carried on with such distinc- 
tion through the following years. In 1919 he became head of the Chemistry 
Department and has directed the work of the department with such out- 
standing skill and good judgment that it is now and has been for some years 
one of the strongest departments in the university. 


In the 20’s he began his researches on the chemistry of cement with especial 
reference to the action of sulphate waters on concrete, and the methods of 
increasing the resistance of cement to chemical attack. His fundamental 
work on the preparation and physicochemical properties of the pure com-’ 
ponents of cement has brought him international recognition. He was elected 
a Fellow of the Royal Society of Canada in 1926. The Government of Iceland, 
a few years ago, conferred on him a Knighthood of the Order of the Falcon, 
and his alma mater, the University of Manitoba, more recently awarded him 
the degree of Doctor of Science, honoris causa. 


Dr. Thorvaldson’s personal qualities, his geniality, his sense of fairness, and 
his sympathetic understanding of human relationships have been a constant 
inspiration to his students and colleagues and have created in his department 
a remarkable atmosphere of good will. His retirement from both the chair of 
chemistry and the deanship of the College of Graduate Studies is deeply 
regretted but he goes with the best wishes of his hosts of friends for many 
years of leisurely activity in the studies which he still plans to pursue. 


S. BASTERFIELD 
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THE MERCURY PHOTOSENSITIZED REACTIONS 
OF NEOPENTANE! 


By B. DEB. DARWENT AND E. W. R. STEACIE 


Abstract 


The mercury photosensitized reactions of neopentane have been investigated 
at pressures between 50 and 400 mm. of mercury and between 25° and 200° C., 
in the presence and absence of hydrogen. The products are largely hydrogen 
and dineopentyl. The quantum yield of hydrogen production is 0.004 at 
room temperature and has a positive temperature coefficient corresponding to 
E = 4.3 kcal. mole“. The facts are consistent with the reactions:— 


C;sHun + H + Hg(3So) (a) 
CsHi2 + Hg(*P}) 
CsHi2* + Hg(2So) (bd) 


as the initial step. The majority of the reaction goes by (b), and the active 
molecules produced, CsH:2*, are nearly all deactivated. 


Introduction 


The only bond broken in the initial act of the mercury photosensitized 
reactions of the lower paraffin hydrocarbons is that between carbon and 
hydrogen atoms. The C-H bonds in neopentane are almost identical with 
those in ethane; however, the neopentane molecule is much more symmetrical 
than ethane and so resembles methane more closely. It has recently been 
shown (3) that the initial step in the reaction between ethane and Hg (*P)): 
atoms, the breaking of a C—-H bond, is probably about 100% efficient and that 
at very high pressures the quantum yield of hydrogen production approaches 
the theoretical value of unity. On the other hand Morikawa, Benedict, 
and Taylor (5) found that the quantum yield in the similar reaction of methane 
was only 0.08 at 20° C., and had an activation energy of about 4.5 kcal. 
mole —!. If the efficiency of these reactions depends primarily on the strength 
of the bond being broken, neopentane would be expected to react, like ethane, 
with a reasonably high quantum yield. If, however, the symmetry of the 
molecule plays an important part it is likely that neopentane would behave 
more like methane. Hence the investigation of the mercury photosensitized 
reactions of neopentane may give some information about the relative im- 
portance of bond strength and symmetry in these reactions. 


1 Manuscript received November 5, 1948. 


Contribution from the Division of Chemistry, National Research Laboratories, Ottawa, 
Canada, Issued as N.R.C. No. 1897. 
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Experimental 

Neopentane was prepared by the Grignard reaction between tertiary butyl] 
chloride and methylmagnesium chloride*._ The product was washed with sul- 
phuric acid, subjected to photobromination and fractionated to remove dibrom- 
ides. The final purification to remove paraffinic impurities (chiefly dimethyl- 
butanes) was accomplished by exhaustive photosensitization (4) followed by a 
second fractional distillation. The fraction used was found to be at least 99.8% 
pure by mass spectrometer analysis. Hydrogen was taken from a cylinder of 
electrolytic gas and purified by passage through a hot palladium tube. 

The reaction system was of conventional design in which the gas was circu- 
lated through a mercury saturator, desaturator (20° C.), and a cylindrical 
quartz reaction vessel enclosed in a tubular furnace. Mercury cutoffs were 
used to isolate the reaction system from the storage and analytical portions 
of the apparatus. The total volume of the reaction system was 345 cc., the 
quartz reaction vessel 244 cc., and the circulation rate about 200 cm.* min.—! 
at the pressure prevailing in the apparatus. The temperature was controlled 
manually to within +1°C. and was measured by a calibrated copper—con- 
stantan thermocouple in the annular space between the outer wall of the 
reaction vessel and the inner wall of furnace. 

Unreversed \2537 was obtained from a low pressure mercury lamp with 
neon (3 mm.) as carrier gas. The intensity, very nearly all of which is due 
to \2537, was measured by the rate of hydrolysis of monochloroacetic acid 
(0.5 N) using published values (7) for the quantum yield of the hydrolysis 
and applying a small blank correction for the dark reaction. The quantum 
input was found to he 1.1 X 10~° einstein hr.—'. 

The products boiling below neopentane were analyzed and measured in a 
modified (6) version of the Ward fractionation apparatus (9). The results of 
these analyses showed that the products boiling below neopentane consisted 
almost entirely of hydrogen with smaller amounts of methane; only traces of 
C2 , Cs ,and Cy hydrocarbons were found in the experiments at 25° C. and, in 
the majority of these experiments, the analysis was simplified to the determin- 
ation of the volume and composition of the H.—-CH, fraction. At higher tem- 
peratures C, and C; hydrocarbons were present in increasing amounts but under 
all conditions hydrogen was by far the most important of the lighter products. 

In addition to the low boiling products a heavy oily substance was also 
produced. To investigate the nature of this substance a comparatively 
large amount of neopentane was introduced and condensed in a trap cooled 
to a temperature such that the neopentane was mainly in the liquid state with 
a vapor pressure of about 150 mm. The vapor was circulated at room tem- 
perature through an annular quartz cell which provided a much larger incident 
surface. The experiment was interrupted periodically and the noncondensable 
gas pumped off from a trap in liquid air. The properties of the liquid product 
so obtained are compared with those of dineopentyl in Table I, and it is 
evident that this product must consist very largely of dineopentyl. 


* Weare indebted to Dr. A. Cambron and Mr. R. A. Bannard for this preparation. 
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TABLE I 


NATURE OF THE HEAVY PRODUCT OF THE MERCURY PHOTOSENSITIZED REACTION OF NEOPENTANE 














Bp. °C. Density ni 
Product 136 - 137 0.718 1.4060 
Dineopentyl 136.8 0.7179 1.4053 
Results 


The effects of time and pressure on the rate of production of noncondensable 
gases at 25°C. are shown in Figs. 1 and 2. It is evident that the reaction 
rate is very low in the early stages of the experiment and that it increases 
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Fic. 1. The production of noncondensable gas at 25°C. The results are expressed as 
millimeters per hour in the reaction volume. 


with time to a much higher, and approximately constant, value. The fact 
that the neopentane pressure does not affect the initial rate but that the 
“induction period’’ decreases with decreasing pressure is shown clearly in 
Fig. 2. These experiments were carried out by stopping the reaction at 
frequent intervals, freezing out the condensable products in liquid air, and 
measuring the pressure of the noncondensable gases with a McLeod gauge. 
This procedure enabled the reaction to be followed from very small conversions 
and gave a reasonably accurate measure of the initial rate. 

The marked acceleration of the reaction in the later stages could have been 
due to the accumulation of hydrogen and/or dineopentyl. That the rate is 
greatly accelerated by the addition of small amounts of hydrogen is shown 
by the results given in Table II. 
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The rate (0.06 to 0.07 mm. hr.~!) in the presence of added hydrogen is 
identical with that found in the later stages of the reaction at 100 mm. (see 
Fig. 1), so that the accumulation of hydrogen in the reaction is, at least partly, 
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Fic.2. The production of noncondensable gas in the initial stages of the reaction at 25° C. 
TABLE II 
THE EFFECT OF ADDED HYDROGEN ON THE RATE 


Neopentane pressure = 100mm. _ Reaction temp. = 25°C. 








| 


Px,, mm. 0.000 1.00 2.00 12.8 
Rate, mm. hr.~! 0.003 0.07 0.06 0.07 





responsible for the increased rate. However, experiments in which the 
reaction was stopped at a point where the rate had already increased, the 
noncondensable gases pumped off from liquid air, and the reaction allowed 
to proceed, showed that the rate of production of noncondensable gases in the 
second portion was equal to the final rate in the first portion of the experiment, 
indicating that dineopentyl also was responsible for accelerating the rate. 

The rate of formation of methane at 25°C. was found to increase with 
decreasing neopentane pressure, thus the noncondensable gases contained 
10.9% CH, at 103.3 mm. and only 3.8% CH, when the neopentane pressure 
was increased to 412.3 mm. Hence the production of methane from neopen- 
tane depends on the pressure of the hydrocarbon in much the same way as 
in the similar reactions of ethane (3) and propane (2). 


The effect of temperature on the reaction was studied using a technique 
similar to that described above. The results obtained are given in Figs. 3 
and 4 and in Table III. 
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TABLE III 
EFFECT OF TEMPERATURE ON INITIAL RATE 


Neopentane pressure = 100 mm. 
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25 3.0 11 2.7 0.0045 0.3 0.00055 
100 11.0 13 9.6 0.0167 1.4 0.0025 
200 44.0 16 37.0 0.0675 7.0 0.0128 
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In Table III the rates are initial values, expressed in mm. hr.-! X 10%, and 
have, in all cases, been corrected to allow for the temperature of the reaction 
vessel. The values are the averages of two or three concordant experiments. 
It is significant that these results were obtained from experiments of different 
lengths, showing that the composition of the noncondensable gases does not 
vary greatly with the extent of the reaction as found with ethane (3). The 
activation energies for the production of hydrogen and methane (Ey, = 4.3 
and Ecy, = 5.1 kcal. per mole) were obtained from these results, in the usual 
way (Fig. 4). 

It was found that C. and C; hydrocarbons were present in increasing 
amounts at higher temperatures. The rates of production of those substances 
were almost identical with that of methane at 100°C. No C,; hydrocarbons 
were detected at any temperature. 


Discussion 
Three points which are considered to merit discussion have been brought 
out in this investigation :— 
(a) The quantum yield in the initial stages is very low (0.004), and is 
independent of pressure, at 25° C. 
(6) The major products are hydrogen and dineopentyl. 


(c) The rates of production of hydrogen (and probably of dineopentyl) and 
methane are temperature dependent and indicate activation energies 
of about 4.3 and 5.1 kcal. per mole respectively. 


(t) The Nature of the Initial Act 


The great preponderance of hydrogen and dineopenty] in the products shows 
that the initial act may, with some confidence, be given as:— 


Hg(!So) + hv —> Hg(*Pi) (1) 
(CHs)sC + Hg?Pi1) —> (CHs)sCCH: + H + Hg('So) (2) 


It has been shown recently (8) that H atoms react readily with neopentane at 
room temperature, so that the reaction :— 


H + (CHs3)4C — > (CH3)3CCHe + He (3) 


will probably represent the fate of a considerable fraction of the H atoms 
produced in (2). Dineopentyl almost certainly arises from the recombination 
of the radicals produced in Reactions (2) and (3) :— 


2CsHn — CioHe2 (4) 


Thus neopentane behaves quite similarly to the other paraffin hydrocarbons 
with respect to the nature of the products. However, the above reactions, 
although they account adequately for the products, afford no explanation for 
the low quantum efficiency. 
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(it) Quantum Yield 

A recent estimate (1) of the effective cross section of neopentane in quenching 
\2537 shows that quenching is essentially complete under the conditions 
pertaining in the present investigation and that there is no indication that 
neopentane quenches to the metastable Hg(*Po) state. 

The inefficiency of the mercury photosensitized reactions of ethane in the 
medium pressure range has been accounted for (3) by recombination of H 
and C3H;, and similar reactions:— 


H + C;sHn —> C;Hi* (5) 
C5H.* a M—_— CsHie a M (6) 


could certainly be responsible for some of the inefficiency in the present case. 
However, since the reactions of H with ethane and neopentane (3) are equally 
rapid at room temperature (8), it would be expected that the quantum yield 
of hydrogen production from ethane and neopentane would be similar, 
whereas it has been found to be lower by a factor of 100 with neopentane. 
Now Reaction (2) has been assumed to be the sole fate of the Hg(*P:) atoms, 
and the above mechanism, by the usual stationary state treatment, gives 


gu, = Rsp/(ksp + RilP]) or 1/oy, = 1+ kslP]/ksp 


where [P] represents the pressure of the pentyl radical and p that of neo- 
pentane. For the low value of @y, found k;[P]/ksp must be large compared 
with unity, so that we may put 


1/ou, = RslPl/ksp and oy, = ksp/ks{P] 


The presence of three possible recombinations, such as reactions (4) and (5) 
and the recombination of H atoms, leads to a rather complex equation for the 
dependence of [P] on p. However, a graphical solution gives a curve which 
may be represented roughly by 


[P] = ap*, 


where a is a constant including k3 and k; and a, though pressure dependent, 
lies in the interval 1/2>a>0. Hence we have 


gu, = ap. 


Now @ varies from 1/2 at very low pressures to a value approaching zero at 
high pressures which would lead to $y, varying as a power of p between 1 
and 1/2. Such a pressure dependence would certainly have been found in the 
present investigation had it existed. Hence it is unlikely that the above 
recombination reactions could have been the major causes of the inefficiency. 
The 20-fold increase in rate on the addition of small amounts of hydrogen 
gives more definite evidence that the recombination reactions were not the 
major causes but that the inefficiency must be due to the actual quenching 
act, and leads to the belief that, although neopentane quenches effectively, 
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the energy obtained from the mercury atom is dissipated in some way without 
causing reaction to occur. 
If it be assumed that the primary act is not as given by Reaction (2) but by 


CsHi + Hg@Pi) —> CsHn* + Hg('So), (2’) 
where C;H:2* represents a neopentane molecule with excess energy, and that 
C;Hi2* may either decompose or be deactivated :— 

CsHin* —> CsHn + H (7) 
CsHi2* + M — C;He + M (8) 
we get 


1/ou, = 1 +3 p, 
7 


which requires a linear relation between 1/@y, and p, which is contrary to 
experiment. 

Hence it seems likely that the initial act proceeds by both Reactions (2) 
and (2’) and that essentially all of the active neopentane molecules formed in 
(2’) are deactivated by collision, i.e., the excited molecule has a long life. 
This gives 

ke 
ou, = TP 

? ko + ky 
in the absence of added hydrogen and 


— kop + 2kalHe] 
He (Re + RD + RlHe] 


in the presence of hydrogen, where Reaction (9) is 


He + Hg(*Pi) —> 2H + Hg('So) (9) 





Both the above relations agree, at least qualitatively, with the results obtained 
in the absence and presence of hydrogen. 
(1it) The Temperature Coefficient and the Production of Methane 

The fact that, at 25° C., the rate of production of methane increases with 
decreasing pressure makes it likely that methane arises, as in the similar 
reactions of ethane (3) and propane (2), by 
Reaction (5) and the decomposition of the active neopentane molecule formed: 


‘ 


‘atomic cracking’’, consisting of 


C;H12* —> CiH»y + CHs 


Since the inefficiency of the reaction has been ascribed to the occurrence 
of Reaction (2’) it is likely that the activation energy found (4.3 kcal.) for 
the production of hydrogen may be ascribed to an increase in the fraction 
ko/ko + ke’ with increasing temperature. Hence we may put £2 = 4.3 kcal. 
It is significant that Morikawa, Benedict, and Taylor (5) found an almost 
identical value for the effect of temperature on the rate of production of 
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hydrogen in the mercury photosensitized reaction of methane. The activation 
energy found for the production of methane (5.1 kcal.) shows that the increase 
in the rate of formation of methane with increasing temperature cannot have 
been due to decomposition of the neopentyl radical, since the reaction 


CsHu —— C,Hs + CHs 


certainly has a very much higher activation energy. It is likely that the 
difference between the E’s for Hz: and CH, is not real and that the increase 
in the rate of methane formation runs parallel with that of hydrogen and, 
actually, is the natural consequence of the increased rates of production of 
H and C;H with increasing temperature. 


The results of this investigation show that, in the reaction with Hg(*P;) 
atoms, neopentane resembles methane, the only other of the lower paraffins 
that is totally symmetrical, rather than ethane which has C—H bonds very 
similar to those in neopentane. Hence there is a strong probability that the 
symmetry of the hydrocarbon molecule plays an important part in its mercury 
photosensitized reactions. This is probably due to the long life of the active 
molecules formed in the quenching act: 
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SYNTHETIC AND SPECTROMETRIC STUDIES OF SOME 
PYRAZOLONES! 


By PAuL E. GAGNON, JEAN L. BoIvIN?, AND R. NORMAN JONES 


Abstract 


Fourteen pyrazolones were synthesized from the corresponding mono or 
disubstituted cyanoacethydrazides or cyanoacetphenylhydrazides and evidence 
concerning their constitution was obtained from chemical reactions and ultra- 
violet absorption spectra determinations. A mixture of two tautomeric forms 
was obtained when 4-benzyl-3-amino-5-pyrazolone was prepared; it was con- 
verted to a single form by treatment with hydrochloric acid. The following 
compounds, as far as the authors are aware, have been prepared for the first 
time: 4-methyl-3-amino-5-pyrazolone, 4-methy!-2-phenyl-3-amino-5-pyrazolone, 
4-ethyl-3-amino-5-pyrazolone, 4-ethyl-2-phenyl-3-amino-5-pyrazolone, 4-(2- 
phenoxyethyl)-3-amino-5-pyrazolone, 4-(2-phenoxyethyl)-2-phenyl-3-amino-5- 
pyrazolone, 4-(3-phenoxypropyl)-3-amino-5-pyrazolone, 4-(3-phenoxypropyl)- 
2-phenyl-3-amino-5-pyrazolone, 4-phenyl-3-amino-5-pyrazolone, 4-benzyl-3- 
amino-5-pyrazolone, 4-benzyl-2-phenyl-3-amino-5-pyrazolone, 4,4-dibenzyl-3- 
amino-5-pyrazolone, 4,4-dibenzyl-2 - phenyl-3-imino-5-pyrazolone, 4,4-(2,2- 
spiro-indanyl)-3-amino-5-pyrazolone. 


Introduction 


The first investigations of 3-amino-5-pyrazolones (1) were carried out in 
1906 by Conrad and Zart (2), who treated ethyl cyanoacetate with pheny]l- 
hydrazine and obtained a product which they assumed to be 1-phenyl-3- 
hydroxy-5-pyrazolone. The compound proved to be of some importance 
in color photography (7). In 1941, Weissberger and Porter (9) prepared 
1-phenyl-3-amino-5-pyrazolone from ethyl oxalacetate and phenylhydrazine 
and showed that the compound of Conrad and Zart was the same. In 1937, 
other 3-amino-5-pyrazolones were prepared by Hepner and Fajersztejn (4). 





R2 
\ 
Cc —C—NH: R,, Re = H, alkyl, or aryl group 
/ \4 3 
R, i} 
Cs 2N 
po Be R; = H or C;Hs 
O N 
R; 
I 


In 1947, Gagnon, Savard, Gaudry, and Richardson (3) observed that crude 
alkyl-cyanoacethydrazides, on standing for some time, underwent transforma- 
tion to the corresponding 4-alkyl-3-amino-5-pyrazolones. These authors pre- 
pared for the first time 3-amino-5-pyrazolones substituted only in position 4. 


1 Manuscript received January 3, 1949. 
Contribution from the Department of Chemistry, Laval University, Quebec, and the Division 

of Chemistry, National Research Laboratories, Ottawa, Canada. Issued as N.R.C. No. 1903. 
This paper constitutes part of a thesis submitted to the Graduate School, Laval University, in partial 
fulfillment of the requirements for the degree of Doctor of Science. 

2 Graduate Student, Laval University. Holder of a Shawinigan Chemicals Limited Research 
Scholarship and a Bursary under the National Research Council of Canada. Present address: 
Canadian Armament Research and Development Establishment, Valcartier, Quebec. 
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Pyrazolones substituted in positions 1 and 2 had already been reported 
(10, 11, 12, 13). 

In the present work, the ultraviolet absorption spectrum of 1-phenyl-3- 
amino-5-pyrazolone, prepared from ethyl oxalacetate and phenylhydrazine, 
was determined (Fig. 1). Four different types of 4-substituted-5-pyrazolones 
were synthesized and their ultraviolet absorption spectra also measured. 
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Fic.1. Ultraviolet absorption spectra. 
1-Phenyl-3-amino-5-pyrazolone (ethanol). 
woe 4- Methyl-2-phenyl-3-amino-5-pyrazolone (ethanol). 





A. 4-Monosubstituted-3-amino-5-pyrazolones.—Six different compounds were 
prepared by treatment of the corresponding hydrazides with strong alkalies 
or by heating the substituted cyanoacetic esters with hydrazine hydrate in 
the presence of sodium ethylate. Cyclization occurred only in alkaline 
solution, although 4-methyl-3-amino-5-pyrazolone seemed to form in the 
absence of an excess of hydrazine. All these pyrazolones gave a color test 
with ferric chloride, indicating the presence of a potential phenolic group (8). 
The 4-benzyl derivative was obtained as a mixture of tautomers, and was 
transformed to one of them completely by acid catalysis. 


B. 4-Monosubstituted-2-phenyl-3-amino-5-pyrazolones.—T hese pyrazolones were 
prepared by a modification of the method of Conrad and Zart (2). The ferric 
chloride test was negative; the compounds were soluble in strong alkalies. 


C. 4,4-Disubstituted-3-amino-5-pyrazolones.—T he pyrazolones were prepared by 
the method described for the 4-monosubstituted-3-amino-5-pyrazolones. A 
concentration higher than one equivalent of alkali per mole of pyrazolone 
precipitated the alkali salt. 
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D. 4,4-Disubstituted-2-phenyl-3-imino-5-pyrazolones.—These pyrazolones were 
also synthesized by a modification of the method of Conrad and Zart (2). 
These were insoluble in strong acids and were soluble in strong alkalies. The 
alkali salts were precipitated by adding an excess of sodium hydroxide. 


Experimental} 


The properties of the pyrazolones are summarized in Tables I and II. The 
yields ranged from 75 to 95%. The melting points are uncorrected. 


TABLE I 


GENERAL PROPERTIES OF PYRAZOLONES 



































Solubility* Reactions 
Compound - — 

Water | Acids | Alkalies |NaHCOs;} Ether | FeCl; | HNO: 
4-Monosubstituted-3-amino-5-pyrazolones s s s i i Pos. Pos. , 
4-Monosubstituted-2-phenyl-3-amino-5-pyrazolones i s s t s Neg. Pos. 
4,4-Disubstituted-3-amino-5-pyrazolones $.S. s s.s** i i Pos. Pos. 
4,4-Disubstituted-2-pheny!-3-imino-5-pyrazolones i i s.s* i s Neg. Neg. 

s = soluble, i = insoluble, s.s. = slightly soluble. 


* Pyrazolones having an actual or potential hydroxyl group at 5 are soluble in water, insoluble 
in ether, and give a positive ferric chloride test. Pyrazolones lacking such a hydroxyl group are 
insoluble in water, soluble in ether, and give no color with ferric chloride (see page 21). 

** 4 concentration of alkali higher than one equivalent per mole of pyrazolone precipitated 
the metal salt. 


4-Monosubstituted-3-amino-5-pyrazolones 
These compounds were prepared by the following methods: 


(a) Crude monosubstituted cyanoacethydrazides (0.1 mole) were treated 
with sodium hydroxide (40%, 0.2 mole). The reaction was exothermic. 
The solutions were allowed to stand at room temperature for two hours and 
were neutralized with acetic acid (50%). The precipitates were filtered off, 
washed with ether to remove any substituted malonic acids formed in the 
reaction, and recrystallized several times from water or ethanol. 

(6) To a solution of sodium ethoxide (0.2 mole of sodium and 80 ml. of 
absolute ethanol) was added a mixture of ethyl substituted cyanoacetates 
(0.1 mole) and hydrazine hydrate (100%, 0.1 mole). The solution was 
refluxed for half an hour on the water bath. The solvent was removed under 
reduced pressure, the residue dissolved in water (100 ml.), and the solution 
extracted with ether (50 ml.) to remove unchanged esters. The aqueous layer 
was neutralized with acetic acid and allowed to stand in a cold place, where a 


solid crystallized out. 


+ The methods of preparation of the compounds used to synthesize the different pyrazolones are 
given in a previous paper (Gagnon, P. E.and Boivin, J. L. Can. J. Research, B, 26 : 503. 1948.). 
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TABLE II 
° PROPERTIES OF INDIVIDUAL PYRAZOLONES 
Analysis, Ultraviolet absorption 
% maxima 
° 
Compound Formula M.p., °C. Shenae Sash Acid 
Cale. | Found A log Em| A  |log Em 
4-Monosubstituted-3-amino-S- 
pyrazolones 
4-Methyi CiH:ON: 242-243 41.6 41.7 2700 | 3.61 2600 3.68 
4-Ethyl CsHsONs 247-248 33.1 32.5 2840 3.56 2700 3.50 
4-(2-Phenoxyethyl)- CnHi:02N3 186-187 19.1 18.7 2780 3.26 2760 3.09 
2710 3.34 2700 3.21 
2430 4.05 2380 4.07 
4(3-Phenoxypropy])- CrHwO2Ns 110-111 18.0 17.9 2780 3.42 2780 3.07 
2700 3.46 2700 3.17 
2460 4.06 2360 4.05 
4-Phenyl CsH»sONs 246-247 24.0 23.8 2560 4.21 2460 4.19 
4-Benzyl CioHnONs 203-204 22.2 22 0 2470 4.08 2360 4.05 
4-Monosubstituted-2-phenyl-3- 
amino-5-pyrazolones 
4-Methyl CioHuONs 227-228 22.2 22.1 2500 4.22 2660 4.23 
4-Ethyl CuHisONs 213-214 20.7 20.8 2500 4.23 2680 4.11 
4-(2-Phenoxyethy])- Ci7Hi1902N3 136-137 14.2 14.2 2560 4.26 2700 4.25 
4-(3-Phenoxypropy])- CisHi1902N3 108-109 13.6 13.4 2530 4.22 2700 4.16 
4-Benzyl CisH1sON3; 160-161 15.9 15.3 2520 4.15 2700 4.21 
4,4-Disubstituted-3-amino-5- 
pyrazolones 
4,4-Dibenzyl CisHi7ONs 242-243 14.0 15.0 2760 3.57 2660 3.60 
4,4-(2,2-spiro-Indanyl)- CuHuONs 238-239 20.9 20.8 2740 3.73 2730 3.74 
2670 3.70 2660 3.76 
4,4-Disubstituted-2-pheny]-3- 
imino-5-pyrazolones 
4,4-Dibenzyl CsH2ONs 259-260 11.8 12.1 2760 3.55 2760 | 3.59 





























4-Methyl-3-amino-5-pyrazolone.—Ethyl-a-cyanopropionate (12.7 gm., 0.1 


mole) was stirred with hydrazine hydrate (100%, 5.0 gm., 0.1 mole). 


The 


mixture was placed in an evacuated desiccator or left standing at room tem- 
perature. After two weeks, crystals appeared and after a month, the whole 
material was solid. 
test was positive. 
4-Ethyl-3-amino-5-pyrazolone.—Ethyl-a-cyanobutyrate (14.1 gm., 0.1 mole) 
The solution 


It was recrystallized from ethanol. 


was stirred with hydrazine hydrate (100%, 5.0 gm., 0.1 mole). 





The ferric chloride 
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was allowed to stand at room temperature, whereupon solidification took place. 
The white solid was treated with two equivalents of sodium hydroxide. The 
reaction was exothermic. The resulting solution was allowed to stand at 
room temperature for two hours, when crystals appeared. The mixture was 
neutralized with dilute acetic acid and evaporated to dryness on the water 
bath. The material was extracted with ethyl acetate in a Soxhlet during 
12 hr. The solvent was removed under reduced pressure and the residue 
recrystallized several times from ethanol. The ferric chloride test was positive. 


4-Benzyl-3-amino-5-pyrazolone.—This compound was prepared by Method 
(b). A sharp melting point could not be obtained in spite of many recrystal- 
lizations from water; m.p. 200° to 204°C. Since the ultraviolet absorption 
spectra determinations on this pyrazolone indicated that it was probably a 
mixture of two molecular species, it was thought that acids as catalysts might 
produce only one tautomer, and alkalies reverse the reaction. The following 
results indicate that hydrochloric acid catalyzed the transformation of one 
tautomer into another, which was not affected by further treatment with 
sodium hydroxide. The material (5 gm.), melting between 200° and 204° C., 
was then refluxed for half an hour in a normal solution of hydrochloric acid in 
water. The reaction mixture was evaporated to dryness under reduced 
pressure. The residue was dissolved in a normal solution of sodium hydroxide 
in water and the resulting solution was neutralized with dilute acetic acid. 
A solid separated out on standing in a cold place. It was filtered out, washed 
with ether, and recrystallized from a fairly large volume of water: m.p. 203° 
to 204°C. Yield, quantitative. The ferric chloride test was positive. 


4-Monosubstituted-2-phenyl-3-amino-5-pyrazolones.—To a solution of sodium 
ethoxide (0.2 mole of sodium and 80 ml. of absolute ethyl alcohol) was added 
a mixture of ethyl substituted cyanoacetates (0.1 mole) and phenylhydrazine 
(10.8 gm., 0.1 mole). The mixture was heated at 160° C. in an oil bath for 
18hr. The solvent was removed under reduced pressure, the residue dissolved 
in water (100 ml.) and extracted with ether to remove unchanged esters. 
An oily product separated out on acidification with acetic acid and soon 
solidified. It was washed with dilute sodium carbonate to remove any sub- 
stituted malonic acids formed in the reaction, and recrystallized from ethanol. 


4,4-Disubstituted-3-amino-5-pyrazolones.—To a solution of sodium ethoxide 
(0.2 mole of sodium and 80 ml. of absolute ethyl alcohol) was added a mixture 
of the ethyl disubstituted cyanoacetate (0.1 mole) and hydrazine hydrate 
(100%, 0.1 mole). The reaction mixture was refluxed for two hours in an 
oil bath maintained at 160°C. The solvent was removed under reduced 
pressure. The residue was dissolved in hot water (100 ml.). On cooling, the 
sodium salt of the pyrazolone crystallized out. It was separated by filtration, 
washed with ether and finally with dilute hydrochloric acid. The filtrate was 
extracted with ether to remove unchanged ester. The aqueous layer was 
neutralized with acetic acid and allowed to stand in a cold place. The crystals 
formed were combined with the solid material previously obtained. The solid 
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mixture was washed with ether, to remove any disubstituted malonic acids 
formed in the reaction, and recrystallized several times from a large volume 
of water. 
4,4-Disubstituted 


phenyl-3-imino-5-pyrazolones.—These pyrazolones were 
prepared by the method outlined above for the 4,4-disubstituted-3-amino-5- 
ylhy 


4- 
pyrazolones, but phenylhydrazine was used instead of hydrazine and the time 
of heating in an oil bath was 18 hr 


Ultraviolet Absorption Spectra 
The ultraviolet absorption spectra were determined on a Beckman spectro- 
photometer; the experimental details have been reported previously (3). The 
data are plotted in Figs. 2-9. The spectra may be divided into two distinct 
groups, designated the “high intensity’? and the ‘‘low intensity 
Table III. 
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Ultraviolet absorption spectra, 

de Methyl- 3- ~amino- -5- -pyrazolone (ethanol) 

(N hydrochloric acid in 90% ethanol). 

see. * Methyl-2 2-phenyl- ~3- -amino-5-pyrazolone (ethanol) 
Fic. 3. Ultraviolet absorption spectra. 





(N hydrochloric acid in 90% ethanol). 
4- Ethyl- -3-amino-5- pyrazolone r- 

N hydrochloric acid in 90% ethanol). 

sence 4- Ethyl-2 2-phenyl- 3- amino-5- pyrazolone (ethanol). 


(N hydrochloric acid in 90% ethanol). 
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TABLE III 
CLASSIFICATION OF ULTRAVIOLET ABSORPTION SPECTRA 
Acid shift on principal Proposed 
Compound maximum structure 
A. High intensity type spectra 
4-Benzyl Hypsochromic (—110 A) XX 
4-(2-Phenoxyethyl)- ies (— 50 ) XX 
4-(3-Phenoxypropyl)- i (-—100 ) XX 
4-Phenyl ig (—100 ) be 4 
4-Methyl-2-phenyl- Bathochromic (+160) XXI 
4-Ethyl-2-phenyl ‘a (+180) XXI 
4-Benzyl-2-phenyl- = (+180) XXI 
4-(2-Phenoxyethyl)-2-phenyl - (+140) XXI 
4-(3-Phenoxypropy]!)-2-phenyl = (+170) XXI 
B. Low intensity type spectra 
4-Methyl- Hypsochromic (—100) XXIII (or XXII) 
4-Ethyl- vi (—140) XXIII (or XXII) 
4,4-Dibenzyl- si (—100) XXIII (or XXII) 
4,4-(2,2-spiro-Indanyl)- e (— 10) XXIII (or XXII) 
4,4-Dibenzyl-2-pheny!- — (Nil) XXII 
4.0r 
€ , 
ew E 
wd 
3.6 
> °o 
= ° 
4 
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4 2.8 \ 
—— ae ee ; 
i | | i! 
2600 3000 
re 2600 3000 
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Fic. 4. Ultraviolet absorption spectra. 
4,4-Dib benzyl-3-amino-5- pbyrazolone (ethanol). 
--- (N hydrochloric acid in 90% ethanol). 
sees 4, 4-Dibenzyl-2-phenyl-3-imino-5- pyrazolone (ethanol). 
—--e- (N hydrochloric acid in 90% ethanol). 
Fic. 5. Ultraviolet absorption spectra. 
4,4-(2,2-spiro-Indanyl)- -5-amino- 5-pyrazolone (ethanol). 
--- * . “(N hydrochloric acid in 90% ethanol). 
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The spectra of the 4-monosubstituted-3-amino-5-pyrazolones are not all 
similar. The simple 4-methyl and 4-ethyl derivatives (Figs. 2, 3) possess a 
broad band of relatively low intensity with a maximum at 2700 to 2900 A. 
The position of the maximum is shifted hypsochromically in acid medium. 
The spectrum of 4,4-dibenzyl-3-amino-5-pyrazolone is similar (Fig. 4). 
































E 

Ww 

eo 

o 

) 

i i! l hs 
2600 3000 
2600 3,000 _ 
WAVELENGTH (A) WAVELENGTH (A) 
Fic. 6. Fic. 7. 


Fic. 6. Uliraviolet absorption spectra. 

4-Benzyl-3-amino-5-pyrazolone (ethanol), before refluxing with acid. 
- -— — Ditto. (after refluxing with acid). 

—--e- Ditto. (in N hydrochloric acid in 90% ethanol). 


Fic. 7. Ultraviolet absorption spectra. 
4-Benzyl-2-phenyl-3-amino-5-pyrazolone (ethanol). 
--- ss * - “ —N hydrochloric acid in 90% ethanol). 








The curve of the 4-monobenzyl] derivative differs considerably from those 
of the 4-methyl and 4-ethyl compounds. As initially prepared it exhibited 
two separate maxima (Fig. 6). This, in conjunction with the broad range of 
the melting point (200°-204° C.), suggested a mixture of products, possibly 
tautomers; after refluxing with acid the product obtained melted sharply 
(203°-204° C.) and gave a spectrum with a single peak. This maximum is 
more intense than that of the 4-methyl and 4-ethyl compounds and lies at 
considerably shorter wave-lengths. This indicates a difference in the ring 
chromophore, since the phenyl group in the side chain cannot be in conjugation 
with the ring, and its additive contribution to the total absorption of the 
molecule would be negligible (5). 
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In the spectra of the 4-(2-phenoxyethyl)- and 4-(3-phenoxypropyl)- deriva- 


tives (Figs. 8 and 9) the additive contribution of the side chain chromophores 
to the total absorption is quite large. 


In Fig. 10 the curve obtained by sub- 
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Ultraviolet absorption spectra. 
4- (2-Phenoxyethyl)-3-amino-5 -pyrazol 





one (ethanol). 


(N hydrochloric acid in 90% ethanol). 
4-(2-Phenoxyethyl)-2-phenyl-3-amino-5-pyrazolone (ethanol). 
“ “ 


(N hydrochloric acid in 907 ethanol). 


traction of the spectrum of phenetol from that of 4-(2-phenoxyethy])-3-amino- 
5-pyrazolone is compared with the spectrum of the 4-benzyl compound. 


The 
evident similarity shows that in the 4-phenoxyalkyl derivatives the ring 


structure is similar to that of the 4-benzyl compound and different from that 
of the 4-methyl compound. 


The spectrum of 4-phenyl-3-amino-5-pyrazolone (Fig. 11) is also similar 
in general type to that of the 4-benzyl compound but it is shifted by some 
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100 A to longer wave lengths. This would be in accord with a basic ring 
system similar to that of the 4-benzyl derivative; the bathochromic shift 
resulting from the extra conjugation of a phenyl group attached directly to 
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Fic. 9. Ultraviolet absorption spectra. 
4-(3-Phenoxypropyl)-3-amino-5-pyrazolone (ethanol). 
--- = se “ —N hydrochloric acid in 907% ethanol). 
tees 4-(3-Phenoxypropyl)-2-phenyl-3-amino-5-pyrazolone (ethanol). 
- - (N hydrochloric acid in 90% ethanol). 





the heterocyclic ring. It is to be noted that in all these 4-monosubstituted 
compounds, the spectra are shifted to shorter wave-lengths in acid. 

The spectra of the 4-monosubstituted-2-phenyl-3-amino-5-pyrazolones 
differ from those of the corresponding derivatives which lack the 2-pheny] 
group (Figs. 2-4, 7-9). The absorption is more intense and on the addition 


of acid the curves are displaced, bathochromically or not significantly altered 
(Table ITI). 
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4,4-dibenzyl derivatives. 


4,4-Dibenzy]-2-phenyl-3-imino-5-pyrazolone (Fig. 4) possesses a spectrum 
with a single maximum of lower intensity similar to that of the 4-methy] and 


not changed. 


On acidification the position of the maximum is 
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Calculated curve obtained by subtraction of Curve A from Curve B. 
Fic. 11. Ultraviolet absorption spectra. 


4-Phenyl-3-amino-5-pyrazolone (ethanol). 
oa) Aa “ “ “ 


(N hydrochloric acid in 90% ethanol). 
Discussion 


Assuming, on the basis of the elemental analyses and general chemical 


behavior, that these compounds all contain the pyrazolone ring system, the 


differences observed in the absorption spectra must be associated with different 
tautomeric forms. 
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It is not possible, from the spectra, to distinguish unequivocally among the 
several possible tautomeric forms, but a comparison of the absorption curves 
does reveal that the spectra fall into well defined classes, as shown in Table III. 
This classification is based on the shape and intensity of the curves and on the 
direction of the displacement in acid. 


In the following discussion, an attempt is made to relate the spectra with 
specific tautomeric forms. The arguments presented are frankly speculative 
and alternative interpretations are probably possible. ‘The chemical evidence 
of structure derived from the ferric chloride and nitrous acid tests (Table 1) 
is considered also in relation to the spectrographic data. 


The 10 tautomeric structures II—-XI represent the basic formulae which may 
be considered a priori for 3-amino-5-pyrazolone, and the 4-monosubstituted 
derivatives may be written in terms of any of these. In the 4,4-disubstituted 
derivatives the choice is restricted to II, III, 1V, V, and X. The 4-monosub- 
stituted-2-phenyl derivatives may have structures II, IV, VI, VII, or IX, 
but for the 4,4-disubstituted-2-phenyl-3-imino-5-pyrazolones only II and IV 
are possible. 


H H H H 
% ' \ : 8 : % ' 
C——C=NH c——-C—NH, C——C=NH C——C—NH: 
F | fi | | | Fi | 
HW}. | H {| | H | | H | | 
| ! | } 
oc NH oc N ¢ NH Cc N 
el bd 7 A QZ 
HO N HO N 
H H 
II Ill IV \ 


| | | 
| | | | | | | 
oc NH Cc NH < N c NH 


H—C===C—NH, H—C===C—NH,; H—C———C—NH; t—_-——-C =i 


a FMS yi A fu 
N HO N HO N HO N 
H H H 

VI VII VIII IX 
H 
\ : 
AY H—NH: H—C———-CH—NH:2 
H | | | | 
Oc N a}. Px 
7 HO *4 
x XI 


Displacement of Spectra on Acidification 

Consideration of the spectra indicates that, in addition to their classification 
in terms of intensity, the compounds may be divided into those in which the 
absorption maximum is displaced considerably to shorter wave lengths on 
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acidification (hypsochromic), and those in which the displacement is batho- 
chromic or negligible. 

Displacement to shorter wave lengths on acidification is very suggestive of 
an amino group directly attached to a conjugated system, as in the partial 
structures XII and XIII. In the neutral molecule these may resonate with 
XIIa and XIIIa, but on acidification the possibility of this type of resonance is 
lost in the amine ion. This behavior is seen commonly in the spectra of 
aromatic amines (6) and would be expected from pyrazolones having the 


structures III, V, VI, VII, VIII, X, and XI. 


— R-C_CNEt 
| 
XII XIla 
| 
R—C—C—NH; R—C—C=NH, 
| a a Ps 
I — 
XIII XIIIa 


The type of structure which might give rise to a shift to longer wave 
lengths on acidification is not so easily recognized. One possibility might be 
the imino structure XIV. In the ionic form XV resonance can occur with 
XVa, the system bearing a formal analogy with that of a carbocyanine dye, 
the spectrographic properties of which have been examined extensively by 
Brooker (1). In the neutral molecule, resonance between the analogous 
structures XIV and XIVa@ would be suppressed by the separation of charge 
and the instability of the -NH group. On the basis of this argument one 
might expect a shift to longer wave lengths on acidification of pyrazolones 
having structures II, IV, IX. 


a To 
| | 
N > Nt 
*™% r™ 
R R 
XI\ XIVa 
—C—C=NH: —C—C_NH 
| 
N —> Ne 
r*% ow % 
R R 
XV XVa 


Significance of Ferric Chloride and Nitrous Acid Reactions 

The development of color on addition of ferric chloride in acid solution is 
generally regarded as indicative of a phenolic hydroxy] group (8), either present 
in the molecule as such or readily derived as a result of an equilibrium 
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displacement. In the 3-amino-5-pyrazolones the partial structures XVI-XIX 
are indicated by a positive response to this test. The liberation of nitrogen 
on addition of nitrous acids identifies a structure possessing an actual or 
potential free primary amino group. 


| | | 


— —C— a —C— 
\ 
o c c . 
r™ i ™ ie uf 
O HO O N HO N 
H 
XVI XVII XVIII XIX 


Structure of Compounds with High Intensity Spectra 


These compounds (Table III) include both 4-monosubstituted and 4-mono- 
substituted-2-phenyl-3-amino-5-pyrazolones. If it is assumed that the similar- 
ity of the spectra is indicative of a similar chromophoric system in the two 
groups of compounds, modified only by the extra conjugation from the phenyl 
group, structures of Types II, IV, VI, VII, and IX are alone open for con- 
sideration. In the ferric chloride reaction the 4-monosubstituted compounds 
give a positive and the 4-monosubstituted-2-phenyl derivatives a negative 
reaction, and, of the structures listed above, only type VI will satisfy this 
criterion. On this evidence structures XX and XXI may be proposed for the 
compounds giving the high intensity spectra. 


R—C===C—NH; R—C=—=C—NH,z 
L | 
Oc NH oc NCsHs 
se al 
} N 
H | 
H 
xx XXI 


This conclusion is consistent with the positive reaction in the nitrous acid 
test, and the solubility behavior (Table I). It accounts also for the hypso- 
chromic displacement of the spectra of the 4-substituted-3-amino-5-pyrazo- 
lones on acidification.* 


It does not account however for the bathochromic displacement of the 
spectra of the 2-pheny] derivatives in acid, at least in terms of the mechanism 
proposed in Formulae XIV and XV which require an imino group at 
position 3. 


Compounds Giving Low Intensity Spectra 


This group (Table III) includes 4-monosubstituted, 4,4-disubstituted, and 
4,4-disubstituted-2-phenyl-3-imino-5-pyrazolones. If the similarity of the 


* The spectrum of 4-phenyl-3-amino-5-pyrazolone conforms closely to that of the 4-benzyl 
derivative but the maximum is displaced by 100 A to longer wave lengths. This shift suggests that 
the phenyl group is conjugated with the ring chromophore, and is also consistent with structure XX 
for these compounds, 
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spectra is indicative of a common chromophoric system, only structures of 
types II and IV are open for consideration. Both of these would be expected 
to give a positive ferric chloride color test for the 4-mono- and 4,4-disubstituted 
derivatives, and a negative response for the 4,4-disubstituted-2-phenyl 
derivatives. These conclusions are in agreement with the experimental facts 
(Table I). On the basis of this evidence structures XXII and XXIII are 
equally plausible. The positive reaction with nitrous acid given by the 
4-mono, and the 4,4-disubstituted compounds would suggest XXIII as the 
preferred structure, and this is in agreement also with the hypsochromic shift 
of the spectrum on acidification. On the other hand, structure XXII is to 
be preferred for the 4,4-disubstituted-2-phenyl compounds on account both 
of the nonreaction with nitrous acid and the small bathochromic shift of the 
spectrum in acid. 

In conclusion, it must be emphasized that these assignments of structure 
based on evidence from ferric chloride and nitrous acid tests, and from similarity 
(but not identity) of spectra, can only be considered as tentative. The 
mechanism proposed for the bathochromic displacement of the spectra of 
certain of the compounds in acid solution is not always consistent with the 
evidence for the presence of a free amino group, as indicated by a positive 
reaction with nitrous acid. It may also be significant that the compounds 
which exhibit a strong bathochromic shift of the absorption maximum on 
acidification all contain the 2-pheny] substituent. 


R) R, 
\ _ \ p 
C——C=NH .-———l— 
FA | / | | 
R; | ' R2 } | 
oc NR; oc N 
Yl ‘ 
N N 
H H 
XXII XXIII 
R, = Alkyl Re = Hor alkyl R; = Hor C.Hs 
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THE MOLECULAR ADSORPTION AREAS OF HYDROCARBON 
GASES ON CHARCOAL! 


By M. A. Nay? ano J. L. Morrison 


Abstract 


The low temperature adsorptions of methane, ethane, propane, normal butane, 
isobutane, acetylene, ethylene, and nitrogen on a series of coconut charcoals of 
different degrees of activation were determined. Langmuir isotherms were 
obtained in every case. The measurements indicate horizontal orientation of 
the hydrocarbon molecules on the charcoal surface. By comparing the maxi- 
mum number of millimoles adsorbed for each gas on each charcoal with the 
respective maximum number of millimoles of nitrogen adsorbed, and by assuming 
a molecular adsorption area of 16.2 A? for nitrogen, the following average mole- 
cular adsorption areas were obtained: methane—19.4, ethane—25.9, propane— 
36.0, — butane—42.1, isobutane—47.4, acetylene—19.8, and ethylene— 


ve 


Introduction 


In the determination of the surface areas of adsorbents by gases, it is 
important to know the area occupied by the molecules of the adsorbed gas. 
The development of the B.E.T. equation (4) and the concomitant method 
for determining the amount of adsorption in a single molecular layer have 
given a new impetus to estimations of such molecular adsorption areas. 

In this paper, measurements of the adsorption of most of the simple aliphatic 
hydrocarbon gases on a charcoal series of different degrees of activation are 
reported. It was considered that such measurements would reveal the 
orientation of the hydrocarbon molecules on a charcoal surface. Similar 
measurements with aliphatic acids adsorbed from aqueous solutions (14) 
indicated vertical orientation of the acids at the charcoal—water interface. 


McIntosh and his collaborators (11) have measured the adsorption of 
nitrogen and normal butane on a similar charcoal series. They assume that 
the butane is horizontally oriented on the charcoal surface and they calculate 
charcoal areas on this basis. Others (1, 5, 8, 9, 13) have measured the adsorp- 
tion of a few hydrocarbon gases and nitrogen on various surfaces, including 
some carbon blacks. By comparing the hydrocarbon with the nitrogen 
adsorption, and by assuming a definite value for the area occupied by the 
nitrogen molecule, they have obtained results suggesting horizontal adsorption 
of he thydrocarbons on the various adsorbents. 


Materials Experimental 


Nitrogen was obtained from tank nitrogen, by passing the tank nitrogen 
successively through chromous chloride solution (to remove oxygen), driers, 
and a liquid air trap. j 


1 Manuscript received November 9, 1948. 
Contribution from the Department of Chemistry, University of Alberta, Edmonton, Alberta. 


2 Graduate student. Holder at the time of a Bursary under the National Research Council 
of Canada. 
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Pure methane was obtained by the low temperature fractionation (liquid air) 
of Viking natural gas (91% methane, 3.3% other hydrocarbons, 5.7% 
nitrogen) using a column described by Freeth and Verschoyle (12). 

Pure ethane was prepared by the hydrolysis of ethylmagnesium bromide. 
The gas was passed through scrubbers and fractionated in the same way as 
the methane. 

Helium (98.2%) from the Ohio Chemical Company was used. Prior to 
storage in a bulb, the helium was purified by being passed through an activated 
charcoal trap cooled in liquid air. 

Ethylene (99.5%), propane (99.9%), normal butane (99.9%), and iso- 
butane (99%), obtained from the Ohio Chemical Company, were purified 
further by fractionating each once at 40° to 50°C. below their respective 
boiling points. 

Commercial acetylene was purified in the same manner as the methane and 
ethane. Prior to fractionation, the gas was passed through scrubbers to 
remove soluble impurities (10, p. 167). 

The charcoals were samples of a series of coconut charcoals of different 
degrees of activation produced by the Standard Chemical Company of 
Montreal. The series is the same as that used by Lemieux and Morrison (14), 
in whose paper some data on their properties are given. 


Method 


The adsorption isotherms of the gases were determined by means of an 
apparatus similar to the one described by Emmett (6, p. 3). The principal 
volumes, other than the adsorption bulb, were water-jacketed to control the 
gas temperature. These temperatures were measured to 0.5° accuracy. 
Pressures were measured to the nearest 0.05 cm. of mercury. 


Samples of 0.20 to 0.25 gm. charcoal were placed in an adsorption bulb of 
about 2.5 ml. volume. The dead space was determined at 0° C. with helium. 
When the adsorptions of the various gases were measured, temperatures 
several degrees above the boiling points of the respective gases had to be 
used. Although the theory of the B.E.T. equation suggests the boiling 
points of the adsorbing gases as the adsorption temperatures, the higher 
temperatures were necessary because it was found that charcoal exhibited 
the phenomenon of capillary condensation at the lower temperatures. The 
boiling points of the gases and the adsorption temperatures are given in 


Table I. 


The nitrogen bath contained liquid air. Acetylene, ethylene, and ethane 
temperatures were obtained by immersing a liquid air finger in an acetone 
bath; propane and isobutane temperatures were obtained by dry ice — acetone 
baths, and normal butane by an ice—water bath. 


A special constant temperature bath had to be devised for methane. A 
pyrex test tube wound with 5 ft. of 20 gauge nichrome resistance wire was 
fitted into a larger test tube. The assembly was immersed in liquid air, 
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with the inner test tube as the cooling chamber for the charcoal bulb. A 
copper—constantan thermocouple was fixed to the adsorption bulb and a regu- 
lated electric current through the nichrome wire controlled the temperature 
to within +1°C. 

TABLE I 


BOILING POINTS AND ADSORPTION TEMPERATURES OF GASEOUS ADSORBATES 











Temp. of 
Gas Boiling point, adsorption bath, 

oe “kK. 
Nitrogen 77.4 83 
Methane i 128 
Acetylene 191.4 198 
Ethylene 169.3 183 
Ethane 184.9 195 
Propane 231.0 234 
n-Butane 272.8 273 
Isobutane 263.0 265 











. Some attempt was made to avoid an arbitrary choice of the time of equilib- 
rium. This arbitrariness arises from the porous nature of coconut charcoal. 
At first, an arbitrary time of 10 min. for the initial adsorption step and about 
five minutes for each subsequent adsorption step was used. However, 
much more consistent data were obtained when the estimated equilibrium 
times were based on experimental measurements made in some preliminary 
time studies of the adsorption process. 


The rates of adsorption of several of the gases on Charcoals 1 and 6 were 
measured, by following the pressure drop with time after admission of the gas 











PRESSURE 

















TIME 


Fic. 1. Typical pressure-time curve for the adsorption process. 


to the adsorption bulb. A plot of the pressure against time always gave 
curves typically represented by Fig. 1. 

It is considered that the first part ab of the curve mainly represents pure 
adsorption and the second part bc represents adsorption after diffusion into 
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very fine pores. The time for adsorption equilibrium is taken as at b. The 
results of these measurements are given in Table II for those gases that are 
starred. The steps in the adsorption process are the successive admissions 
of gas at increasing pressures. The initial step is always the largest in this 
tvpe of work. 

TABLE II 


TIME ALLOTTED (MINUTES) FOR ADSORPTION EQUILIBRIUM TO BE ATTAINED 









































Steps in Charcoal No. 1 
adsorption 
process CH,* C:He* C;Hs* n-C,Hio tso-CyHio* ® H, C.H * N:* 
1 30 20 15 10 10 25 30 25 
2 10 10 10 7 7 15 15 20 
3 5 5 5 a + 5 10 15 
4 5 > 2 4 a 3 5 10 
5 5 a 2 4 ao 5 5 b 
6 3 5 5 4 4 5 5 MS 
Charcoal No. 6 
CH, C.He* C;Hs n-CyHio* tso-CyHio C.H, C:H.* N.* 
1 15 15 25 30 30 20 20 15 
2 10 10 15 20 20 10 10 10 
3 5 5 10 10 10 5 5 5 
+ 5 5 5 10 10 5 5 5 
5 5 5 5 5 5 5 5 5 
6 3 5 5 2 hs 5 5 5 





























The times allotted to the other gases and charcoals were estimated by 
interpolation. 
Results 


All the gases used in these experiments gave practically straight lines when 
the data were plotted according to the linear form of Langmuir’s equation; 


1 
b/va = vb + p/0m 


in which 2, is the volume of gas (reduced to S.T.P.) adsorbed at the pressure, 
p. In Figs. 2 and 3, the plots of the equation are shown for nitrogen and 
normal butane. These and similar plots were used to calculate v», which 
represents the volume adsorbed in a single molecular layer, and, in the case 
of charcoal, the maximum adsorption (2, p. 292; 3). The experimental results 
are given in this form in Table III. 


The volumes in Table III were not corrected for deviations from ideality. 
Calculations on normal butane, which exhibits the largest deviations, did not 
give a measurable difference from the ideal case, probably because the adsorp- 
tions are relatively large and the dead space is relatively small (about 2.4 ml. 
ot 3.7.) (7). 
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P/Va,MM. PER ML. PER GM. 


Fic. 2. Langmuir plots for adsorption of nitrogen on charcoal series. 
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Fic. 3. Langmuir plots for adsorption of normal butane on charcoal series. 
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TABLE III 


MAXIMUM ADSORPTION OF GASES IN MILLIMOLES PER GRAM OF CHARCOAL 



































Charcoal number 
Adsorbate ) 
1 2 3 4{];s5 | 6 7 8 
’ | | 
Nz 5.08 6.72 7.08 9.30 | 9.98 | 11.83 12.35 13:77 
C,H» 5.50 6.01 6.10 7.42 | 8.39 9.57 10.09 11.04 
CH, 4.03 5.06 5.18 6.70 | 7.02 8.20 8.63 9.46 
CH, 4.28 5.82 6.12 ade 8.38 9.76 10.18 10.96 
C:He 3.28 4.25 4.44 5.87 6.18 1.28 7.79 8.37 
C;Hs 1 ery 2.73 2.88 3.96 4.39 5.47 5.59 6.13 
n-CyHio 1.36 2.20 2.39 a.20 3.70 | 4.55 4.77 5.49 
tso-C4Hio 1.18 1.59 1.78 2.70 3.46 | 4.02 4.24 4.66 
Discussion 


The nitrogen v» values are different from the values given in the paper of 
Lemieux and Morrison (14) for the same charcoal series. The differences 
arise from sampling. Larger samples cannot be used in this type of work, 
so that the differences are unavoidable. However, they are not significant 
to the present paper. 


Adsorption and Diffusion 

The preliminary time studies indicate that two processes are occurring, 
which for convenience will be called primary and secondary adsorptions. 
Although not completely separable, these processes are apparently of suff- 
ciently different rates to be partially separated. The primary adsorption 
is by far the more rapid process. The experiments were carried out at such 
a pace as to make the secondary adsorption effect negligible, an objective 
believed to have been achieved in the case of the more active Charcoals 5 to 8. 
For these charcoals, the points of the Langmuir plots were in each case on 
one straight line. On the other hand, for the less active charcoals, and parti- 
cularly for the larger adsorbate molecules (cf. n-butane in Fig. 3) there is a 
tendency for the points to lie on a curve concave to the pressure axis. The 
curvature may be explained by the secondary adsorption process which 
would tend to be cumulative—increasing v, at a more rapid rate than would 
have been given by the primary adsorption process alone. 





The less active charcoals are also characterized by having a larger proportion 
of smaller pores (11, 14). Thus the secondary adsorption process probably 
involves diffusion into very small pores. 


Orientation and Area of Adsorbed Molecules 


In Fig. 4, the maximum adsorptions of the straight chain hydrocarbon gases 
are compared in the same way as Lemieux and Morrison (14) had compared 
the maximum adsorptions of the aliphatic acids. The v, for each gas is 
plotted against the v,, of normal butane, for each charcoal. 
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In the case of the adsorption of the aliphatic acids from solution on the same 
charcoal series, similar plots gave parallel lines at low activation of the charcoal, 
and converging lines at high activation. In contrast, the hydrocarbon gases 
give diverging lines with increasing charcoal activity. 





| 
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Fic. 4. Comparison of Um, the maximum adsorptions, of methane, ethane, and propane 
with that of normal butane. 


In general, increasing the activation of charcoal increases the amount of 
adsorption of every adsorbate, whether aliphatic acid or hydrocarbon gas. 
Also, for any asymmetric adsorbate, the extreme alternatives for the packing 
of the molecules on the surface are vertical and horizontal orientations. By 
plotting v», of each adsorbate against the v, of a particular one (the com- 
parisons must be made among molecules with about the same cross-sectional 
area), it is possible to obtain some indication of which of these orientations is 
occurring. If the orientation is vertical, the lines will be either coincident 
or parallel, coincident if all adsorbate molecules reach the same internal 
area and displaced but parallel if they do not. The results of the adsorption 
of the straight chain aliphatic acids from water solutions were interpreted 
to indicate vertical orientation of the acid molecules in the saturated adsorbed 
layer (14). On the other hand, when the orientation is horizontal, the v,, plots 
will consist of a series of divergent lines, the divergence increasing with 
charcoal activation. It is considered that the results as plotted in Fig. 4 
suggest horizontal orientation of the hydrocarbon gas molecules on the 
charcoal surface. 
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Calculations of the effective adsorption areas of the hydrocarbon molecules 
also strongly suggest horizontal orientation. Assuming that nitrogen occupies 
an area of 16.2 A? per molecule (5, p. 1246), the effective adsorption areas of 
the other gases are calculated to be equal to 

i 16.2, 
Um(gas) 
and are given in Table 1V. The average molecular adsorption areas are based 
on the underlined values. The exclusion of the other values is suggested by 
the following discussion. 
TABLE IV 


MOLECULAR ADSORPTION AREAS OF GAS MOLECULES IN SQUARE ANGSTROMS 








Charcoal number 



























































Adsorbate Average 
; 4 2 3 4 | 5 6 | 7 | 8 

CH: 15.0] 18.1] 18.8] 19.5| 19.3] 20.0| 19.8) 20.2/ 19.8 + 0.3 
CH, 20.4| 21.5} 22.1| 22.5| 23.0| 23.4 | 23.2| 23.6| 23.1 + 0.3 
CH, 19.2| 18.7| 18.7| 19.4) 19.3] 19.6| 19.7) 20.4] 19.4 + 0.4 
C:He "25.1 | 25.6] 25.8) 25.7| 26.2| 26.1] 25.7| 26.7| 25.9 + 0.4 
GHs 46.5| 39.9] 39.8] 38.1| 36.8] 35.1! 35.8| 36.4] 36.0 + 0.6 
nC | 60.5} 49.5| 48.0} 46.6] 43.7] 42.1 42.0) 40.71 42.1 + 0.8 
iso-CiHio | 69.7| 68.5| 64.4] 55.8| 46.8 | 477 | 47.2| 47.9] 47.4 + 0.4 





The magnitude of the average molecular adsorption areas as well as the vm 
plots indicate horizontal adsorption. Moreover, it is generally indicated that 
activated coconut charcoal has a variety of pore sizes; thus, accessibility to 
the internal surface of a particular charcoal will depend on the size of the 
adsorbate molecule. If the hydrocarbons do adsorb horizontally on charcoal, 
then their accessibility to the internal surface of a particular charcoal will 
depend on their molecular thicknesses. The thinner molecules will reach 
more internal surface than the thicker ones. The effective molecular adsorp- 
tion areas shown in Table IV indicate that molecular thickness is the 
determining factor in the accessibility of the hydrocarbon gases to the char- 
coal surface. 


The adsorption areas are relative to that of nitrogen. Therefore, the 
accessibility as shown by these areas also will be relative to the thickness of 
the nitrogen molecule. Molecules thinner than the nitrogen molecule will 
reach larger internal surfaces than nitrogen; as a result the molecular adsorp- 
tion areas for these molecules will be too low compared with their true values. 
The converse will be true for molecules thicker than nitrogen. The results 
in Table IV fall into three groups, (1) molecules with adsorption areas that 
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increase with charcoal activation (acetylene and ethylene), (2) those that 
remain the same (methane and ethane) and (3) those that decrease (propane 
and the two butanes). In every case, steady values are reached at higher 
charcoal activations. Probably the explanation for the development of the 
steady values is that all the gases including nitrogen reach about the same 
internal surface for each of Charcoals 5 to 8. 


The results in Table IV suggest that for the hydrocarbon molecules con- 
sidered here there are three groups of thicknesses, (1) acetylene and ethylene, 
(2) methane and ethane and (3) propane and the two butanes. It would 
appear that, compared with the nitrogen molecule, the first group is thinner, 
the second about the same, and the third thicker. If the average molecular 
adsorption areas in Table IV are incorrect, it may be argued that the correct 
molecular adsorption areas would be less for molecules thicker than nitrogen 
and greater for molecules thinner than nitrogen. 


The molecular adsorption areas will probably be related to van der Waals 
areas. Pauling (15, p. 189) gives the van der Waals radii for some of the 
gases discussed here. The van der Waals radii refer to solid or liquid packing 
and not to the thickness of molecules in isolation (i.e., in a monomolecular 
layer). Nevertheless, some indication of thickness should be given by the 
van der Waals diameters. Thus, nitrogen should be approximately 3 A thick, 
and methane and ethane about 4 A thick. Pauling assigns the ethylene group 
the same van der Waals radius as the methyl group, which is valid for end to 
end contact of the molecules. However, the atomic structure of ethylene, 
with its nonrotation about the double bond, suggests a smaller thickness than 
for ethane and a thickness similar to acetylene. The results in Table IV 
support this suggestion. 


Further, if propane were to lie as flat as possible on the charcoal surface, 
it would have the same molecular thickness as methane and ethane. Experi- 
mentally, however, propane has about the same thickness as the two butanes. 
Apparently, the adsorption forces holding propane to the charcoal surface are 
not sufficient to restrict free rotation about its single carbon-carbon bonds. 


Comparisons may be made with existing measurements of molecular adsorp- 
tion areas (all referred to nitrogen = 16.2 A). Data are available for acety- 
lene (8), normal butane (1, 5, 8, 9, 13) and 1-butene (1, 5) on various adsorbents. 
For normal butane adsorbed on various carbon blacks, Beebe and his colla- 
borators (1) found values of 39.7, 41.4, 43.7 and 45.1 A® On the same 
adsorbents they found areas for 1-butene ranging from 37.8 to 40.6 A. 
Emmett and Cines (8) obtained areas of 49 A? for normal butane and 22.2 A? 
for acetylene, both on porous glass. Further, they found (9) areas of 52 and 
41 A? for normal butane on two samples of zinc dust, and an area of 42 At ona 
carbon black. From their work with several absorbents, Harkins and Jura 
(13) assign a value of 54 A? for normal butane. Similarly, from results for 
various metal foils and powders, Davis, DeWitt, and Emmett (5) assign a 
value of 46.9 A? for normal butane and 42.7 A? for 1-butene. 
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It is a simple matter to calculate the areas of the various charcoals by com- 
bining the values of the maximum adsorption of the various gases given in 
Table III with the respective average values in Table IV. The areas of 
Charcoals 1 to 4 will differ according to the gas used. But it would appear 
from the results given in Table IV that all gases reach the same internal areas 
for each of Charcoals 5, 6, 7, and 8. 
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A NEW OCCURRENCE OF dl-METHYLISOPELLETIERINE! 


By LEo MARION AND MARCEL CHAPUT 


Abstract 


An investigation of Sedum sarmentosum Bunge has shown that this plant 
contains two liquid alkaloids which give rise to crystalline picrates. One of these 
bases proved to be d/-methylisopelletierine, identical with a synthetic specimen. 


The previous isolation of alkaloids from a species of Sedum (2) prompted 
the examination of another plant belonging to the same genus. This latter 
plant, Sedum sarmentosum Bunge, has been introduced from China and culti- 
vated in gardens. <A quantity of this plant, grown in a local garden and kindly 
identified by Dr. H. A. Senn of the Botany Division, Dominion Experimental 
Farm, Ottawa, has now been examined. It has been found to contain two 
alkaloids, A and B, both of which were colorless liquids. The picrate of A 
gave identical analytical figures and had the same melting point as the picrate 
of dil-methylisopelletierine, one of the alkaloids of the bark of the pomegranate 
tree (Punica granatum L.) (4). The picrate of B contained two hydrogen 
atoms more than that of A. Meisenheimer and Mahler (3), who first syn- 
thesized d/-methylisopelletierine, or 1-(a@-N-methylpiperidyl)-propan-2-one (I), 
obtained it by the mild oxidation of 1+(a@-N-methylpiperidyl-propan-2-ol (IT) 


a ‘a 
= 


| 
L /CH:COCHs \_ /CH:CHOHCH, 
: 
| | 
CHs CH; 
I II 


and the recorded melting point of the picrate of the latter was very close to 
that of the picrate of B. It thus appeared probable that the two alkaloids 
isolated from S. sarmentosum might be represented by formulae I and II. 
Methylisopelletierine (1) was, therefore, synthesized by the method of Wibaut 
and Kloppenburg (5); the synthetic d/-base had the same boiling point as the 
first alkaloid (A) isolated from the plant and formed a picrate which did not 
depress the melting point of the picrate of the latter on admixture. 


Reduction of the synthetic base with lithium aluminum hydride gave rise 
to the compound II. However, the picrate of this product when mixed with 
the picrate of base B caused a slight depression in melting point. Since II 
contains two asymmetric carbon atoms, the synthetic product must be a mix- 
ture of two pairs of enantiomorphs that will have to be separated and 
resolved before the identity of base B can be established. 


1 Manuscript received January 11, 1949. 


Contribution from the Division of Chemistry, National Research Council, Ottawa, Canada, 
Issued as N.R.C. No, 1895. 
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The dried and ground plant material, weighing 1420 gm., was extracted 
with methanol in Soxhlets. The combined extract was acidified with hydro- 
chloric acid to congo red and heated on the steam bath until the methanol 
had been largely evaporated. The residue was diluted with water, heated 
on the steam bath for several hours; allowed to cool, and kept in the refriger- 
ator for several days. The mixture was filtered and the insoluble cake washed 
with a little water and again heated with dilute hydrochloric acid. This 
mixture was again cooled, filtered, and the two filtrates combined, alkalinized 
with ammonia and extracted with 12 portions of chloroform. The solvent 
was distilled from the combined extract and the residue dissolved in dilute 
hydrochloric acid. This solution was filtered, extracted repeatedly with ether 
(discarded), alkalinized with ammonia, and again extracted exhaustively 
with ether. This second extract, after drying over potassium hydroxide 
pellets, was distilled on the steam bath to remove the solvent. There was left 
an oily basic residue, wt. 2.0 gm., yield, 0.14% of the weight of the dried plant. 
The crude base was distilled 7m vacuo when the bulk boiled below 80° C. (0.4 
mm.) and when redistilled, was obtained as a colorless oil, b.p. 72° to 75° C. 
(0.4 mm.), wt. 1.0 gm. 


Isolation of Methylisopelletierine (Alkaloid A) 


The colorless oil described above was dissolved in methanol and added to 
a solution of picric acid in methanol. After concentration on the steam bath 
and subsequent standing at room temperature, the resulting solution deposited 
a picrate as clusters of needles which, after several recrystallizations from 
methanol-—ether and one from absolute ethanol, was obtained as lemon yellow 
needles, m.p. 159° C.* Found: C, 47.11, 47.30; H, 5.47, 5.27; N, 14.38%. 
Calc. for CisH2oOsNa : C, 46.88, H, 5.21; N, 14.58%. 

The base was recovered from the picrate and redistilled in vacuo. A quan- 
tity of the base (61 mgm.) was then dissolved in absolute ethanol and the 
solution made up to exactly 2 cc. In a micropolarimeter tube this solution 
was found to exhibit no optical rotation. 


Isolation of Alkaloid B 


The methanolic mother liquor from which the picrate of alkaloid A had 
separated was evaporated down to a thick oil which was dissolved in boiling 
water. On cooling, this solution deposited a second picrate which, after two 
more recrystallizations from boiling water, consisted of fine, long, lemon 
vellow needles, m.p. 125°C. Found: C, 46.62; 46.48; H, 5.94, 5.91; 
N, 14.34, 14.37%. Calc. for CisH2xOsN,: C, 46.63; H, 5.70; N, 14.51%. 

The base recovered from the picrate was redistilled and used for the deter- 
mination of the optical rotation: [a@]p 25.0, c = 2.48 in absolute ethanol. 


* All melting points are corrected 











MARION AND CHAPUT: dl-METHYLISOPELLETIERINE 


Synthesis of dl-Methylisopelletierine (I) 

Crude 1-(a@-pyridyl)-propan-2-one, prepared as described by Beets (1), was 
purified by conversion to the picrate in methanol solution. The filtered 
picrate, recrystallized twice from boiling methanol and twice from boiling 
benzene, melted at 141° C. The base recovered from the purified picrate was 
converted to the crystalline metho-sulphate and reduced in glacial acetic 
acid over Adams’ catalyst (5); yield, 15 to 20%. The crude dl-methyliso- 
pelletierine was converted to the picrate which, after three recrystallizations 
from anhydrous ethanol, melted at 160° C. either alone or after admixture with 
the picrate of alkaloid A. 


Dihydromethylisopelletierine 

To a solution of lithium aluminum hydride (120 mgm.) in anhydrous 
ether (10 cc.), kept in a flask filled with a nitrogen atmosphere, was slowly 
added a solution of synthetic d/-methylisopelletierine (257 mgm.) in absolute 
ether (20 cc.). The resulting solution was refluxed for 30 min., cooled, and 
treated with water added dropwise until the excess reagent and addition com- 
pound were decomposed. The mixture was made strongly basic with sodium 
hydroxide and repeatedly extracted with ether. The combined extract was 
dried over potassium hydroxide pellets and the solvent distilled off. It left 
an oily residue which was dissolved in ether and added to an ethereal solution 
of picric acid. A mixture of oil and crystals was deposited on standing. 
The crystals when recrystallized from ether melted at.126°C. However, 
a mixture of this picrate with the picrate of alkaloid B melted at a slightly 
lower temperature. 
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THE NITROLYSIS OF HEXAMETHYLENETETRAMINE 


I. THE SIGNIFICANCE OF 1,5-ENDOMETHYLENE-3,7-DINITRO-1,3,5,7- 
TETRAZACYCLOOCTANE (DPT)! 


By W. J. CuuTe,? D. C. Downtne,? A. F. McKay, G. S. MYErs,? AND 
GEORGE F WRIGHT 


Abstract 


The nitrolysis of hexamethylenetetramine by the method of Hale yields, in 
addition to Cyclonite, an aqueous diluate which contains either dimethylol- 
nitramide, its dinitrate ester, or both. The presence of dimethylolnitramide 
can be demonstrated by its condensation with methylenediamine to give 1,5- 
dinitro-3,7-endomethylene-1,3,5,7-tetrazacyclodctane (DPT). The latter com- 
pound was identified by nitrolysis to 1,3,5,7-tetranitro-1,3,5,7-tetrazacycloéctane. 
The validity of the Mannich-type condensation of dimethylolnitramide from the 
Hale diluate (or from formaldehyde and nitramide) to form DPT has been 
attested by similar condensations with methylamine, ethylenediamine, cyclo- 
hexylamine, and benzylamine. In one of these condensations acetaldehyde 
has replaced part of the formaldehyde. Dimethylolnitramide has further been 
characterized by its conversion to 3,7-dinitro-3,7-diaza-1,5-dioxacycloéctane. 
Nitrolysis of the latter forms sym. dinitroxydimethylnitramide, which can be ace- 
tolyzed to sym. diacetoxydimethylnitramide. 


The nitrolysis of hexamethylenetetramine (hexamine) described in detail 
by Hale (4) for the preparation of the explosive Cyclonite seems to involve the 
fission of at least three C—N linkages. 


CH: 
a H, 
Cc 
Pd : \ 
N N NO.—N N-—NO, CH:0OH 
| CH. CH. | HNO; | | 
ee Sas H.C CH: + HO—CH.—N—CH.—OH 
CH, N CH: se 
\ Chi | 
NI NO. 
N 


Hale found that 11 parts by weight of nitric acid were required for maximum 
yield, which decreased from 74.4% as the strength of nitric acid was decreased 
from 99.8%, until with 92% nitric acid he was able to recover 14.6% of his 
hexamethylenetetramine as the dinitrate salt. 


Repetition of Hale’s work indicated that the yield could be raised to a 
maximum of 86% crude (average 83%) by careful attention to the rate of 
addition of hexamine so as to avoid local decomposition. Optimum yields 
resulted from addition to 21 moles of 99.5 to 99.9% nitric at 20° to 25°C. 
over a 30 min. period. The reaction mixture was then drowned in ice. 


1 Manuscript received November 16, 1948. 
Contribution from the Chemical Laboratory, University of Toronto, Toronto, Ont. 
2 Holders of Studentships under the National Research Council of Canada, 1941-1942. 
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When the Cyclonite had been filtered from this drowned liquor, neutralization 
of the filtrate to pH 5 in the cold with ammonia or other alkali precipitated a 
compound; it was decomposed by alkalies so that care was necessary in the 
neutralization, especially since precipitation was slow and was accompanied 
by the regeneration of acid. Maximum yield from any certain reaction mixture 
was obtained by cold neutralization with close attention to pH drift until 
pH 7 was finally reached. This behavior indicated that a reaction was 
occurring which was more complex than simple salt neutralization. 

This substance will be proved to be 1,5-endomethylene-3,7-dinitro-1,3,5,7- 
tetrazacvcloéctane and is conveniently called DPT (7), an abbreviation of 
the alternate name, dinitropentamethylenetetramine. 


Yield correlation of this substance with Cyclonite formation and reaction 
conditions is summarized in a series of experiments recorded in Table I. 


TABLE I 


YIELD CORRELATION, DPT, AND CYCLONITE IN HALE PROCESS 



































Experiment No. 1 2 3 + -5§ 6 7 8 
Av. reaction time, min. 7 7 10 90 9c 7 90 90 
Av. reaction temp. °C. |—15 30 30 30 30 30 30 30 
Moles hexamine 1 1 1 1 1 1 1 1 
Cone. nitric acid, % 99 99 99 99 99 99 95 99 
Moles nitric acid 20 20 20 20 10 10 20 40 
% yield, Cyclonite 42 79 79 78 55 47 74 70 
M.p. Cyclonite 198 201 194 198 201 196 198 200 
% yield, DPT 5.6 18 16 9.3 18.3 | 23.4 2.3} <i 
M.p. DPT 195 195 | 198 196 194 198 194 190 





It is apparent from this table that DPT or its precursor is not very stable, 
since the yield is higher with shorter reaction time (Expts. 2,3,4 and also 5,6), 
especially when the nitric acid excess is high (Expt. 2 versus Expt. 6, and 7 
versus 8). The yields of the two products seem to be related, as seen from 
Expts. 1 and 2, but not directly according to Expts. 2 and 7; probably through 
a common precursor. 


The compound when purified for analysis showed an indefinite melting 
point with decomposition at 203° to 206°C. The sublimate arising from the 
thermal decomposition was a mixture of paraformaldehyde and hexamine, 
and 25 weight % of the latter compound could be obtained after long reflux 
of the DPT in ethanol. It decomposed in boiling water to yield 76% of its 
weight as formaldehyde. DPT was soluble in dilute acids and could be 
reprecipitated by neutralization, but at a pH of 3.4 rather than the pH of 
5.2 when it was originally formed from the Hale reaction liquors. It therefore 
could function as a base, but its solution as a salt was unstable. Recoveries 
from cold nitric or hydrochloric acid varied from 58% to 12%, depending on 
the strength of acid and age of the solution. These data, together with the 
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elemental analysis conforming to CsHioN¢Q,, indicated that the substance 
was dinitropentamethylenetetramine, specifically 3,7-dinitro-1,5-endome- 
thylene-1,3,5,7-tetrazacycloéctane. 

The compound could not be obtained by oxidation of the known dinitroso- 
pentamethylenetetramine (3) but its structure was demonstrated by other 
methods. The composition of hexamine dinitrate (HADN) and DPT differ 
by one molecule of formaldehyde and one of water, and a dehydrating agent 
might convert one into the other. In conformity with the formulation, a 
slurry of hexamine dinitrate in 4 moles of acetic anhydride gave a 31% yield 


CH: 
-~ ™!; H H 
Fa he HC——N——CH 
IS ‘a Ac:O a ae + CH:(OAc)s 
| CH; CH; ! Saree O.N—N CH, N—NO, 
| s | | | + HOAc 
CH. N CH, | 
m a a. 
. CH: / H H 
Nb 
N 
HADN DPT 


of crude DPT after two days, about half of which was recovered by vacuum 
evaporation of the acetic acid and anhydride. The reaction was slow 
because of its heterogeneous nature, but a longer reaction time of four days 
decreased the yield to 17%. 


The compound could also be produced from hexamine dinitrate in sulphuric 
or stabilized nitric acid media. DPT quickly decomposed in 90% sulphuric 
acid with gas evolution, but 82% could be recovered from an equal weight of 
86% aqueous sulphuric acid, partly because it was not entirely soluble. It 
was not too surprising, then, that a hexamine dinitrate solution in cold 
90% sulphuric acid gave, after neutralization with ammonia to pH 6.5, a 
31% yield of DPT; the water formed in the reaction was sufficient to reduce 
the sulphuric acid concentration to a strength at which DPT was not decom- 
posed appreciably. However, the high pH at which this precipitation occurred is 
more indicative of synthesis during addition of base (as in the original prepar- 
ation) than of pre-formed DPT sulphate neutralization. The sulphuric acid 
synthesis, however useful, cannot therefore be considered to be a structure 
proof. Likewise the 5% yield obtainable from hexamine, nitric acid, and 
ammonium nitrate on neutralization with ammonia is probably formed during 
the neutralization and thus does not specify the structure of DPT. 


Indeed this formation of DPT during neutralization of the Hale reaction 
liquors indicated that a precursor was present which was a degradation 
product of hexamine in strong acid solution. Knowledge of the behavior of 
this precursor during the neutralization phenomenon would contribute largely 
to structure proof of DPT. Conversely, separate proof of DPT structure 
would substantiate the nature of the precursor and would, perhaps, indicate 
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the mechanism of hexamine nitration. Since demonstration of this precursor 
is therefore critical to knowledge of this chemistry, it is unfortunate that it 
has never been isolated. The study of its behavior and mode of formation do, 
however, present, in the ensuing argument, a fairly reasonable assurance of 
its existence. 

The nature of the precursor was first indicated by a reaction (7) in which 
nitramide in water was treated with six equivalents of formaldehyde and 
then neutralized with ammonia. At pH 5.6 to 6.5 a precipitate of DPT 
appeared over a five minute period, somewhat more rapidly, but in the same 
manner as from the diluted Hale nitration liquors. The yield was 73% on the 
nitramide basis, but gas evolution indicated that nitramide was decomposing. 
Repetition using four equivalents (excess) of nitramide per six equivalents of 
formaldehyde gave an 83% yield of DPT on the formaldehyde basis. The 
solution of formaldehyde and ammonia must be fresh, otherwise the yield is 
negligible. Since formaldehyde and ammonia condense irreversibly to form 
hexamine, it is not surprising that no yield of DPT can be obtained from 
nitramide, hexamine, and ammonia. 


-While these experiments themselves contributed little to structure proof of 
DPT, they established yield bases for evaluation of the next reaction, which 
utilized the methylenediamine sulphate, II, prepared by Knudsen (5) from 
methylenediformamide and sulphuric acid. When an aqueous solution of 
2.7 moles of this salt was added to four moles of formaldehyde and four moles 
(excess) of nitramide and the resulting cold solution was then neutralized 
with sodium carbonate to pH 7, a yield of DPT precipitated immediately, 
which was 97% of theory on the formaldehyde basis, or 73% on the total 
methylene basis (if Knudsen’s compound had decomposed entirely to formal- 
dehyde). The high yield and rapid reaction thus justify the formulation 
shown on page 223. 


Since nitramide is notoriously unstable in acid (or basic) solution, there is no 
possibility that it could be the DPT precursor from the Hale dilution liquors. 
Its formaldehyde-addition product, dimethylolnitramide, I, is however, more 
stable. Thus, although nitramide decomposes at 20° C. in very dilute acid, 
addition of formaldehyde, especially in excess, retards its decomposition for 
days in 10 to 20% nitric acid. Dimethylolnitramide is thus represented as 
the DPT precursor. This assumption, as well as the related postulate that a 
formaldehyde—ammonia mixture is an equilibrium source of methylenediamine 
does of course require further experimental support. 


This support is furnished, in part, by several analogous reactions. Thus 
when the nitramide—formalin solution is allowed to stand overnight with a 
slight excess of ethylenediamine at 0° C. a compound is formed which has the 
composition of 3,7-dinitro-1,5-endo-ethylene-1,3,5,7-tetrazacyclodctane. This 
homo-DPT, III, resembles DPT closely in properties. Decomposition with 
5% sulphuric acid gives the requisite amounts of formaldehyde and ethylene- 
diamine on distillation (6). This verifies the hypothesis that a diamine tends 
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TABLE II 


PREPARATION OF DPT FROM NITRAMIDE 














First solution Second solution Total DPT 
—_—_—_————__| methylene | —— 
—_ Nitra- Nature nitramide Remarks 
* | mide, | CH:0, NHs, | CH:0, | from all | Yid.,| M.p., 
mole mole mole mole |ingredients} % Oe 
*1 0.0015 | 0.0015 | 10% ammonia —_— — 1/1 22 203 Neut. to pH 6.5 
2 0.001 0.006 10% ammonia _ _ 6/1 73 200 Neut. to pH 6 
3 0.001 0.001 10% ammonia | 0.001 0.0015 2.5/1 48 201 Fresh ammonia- 
—formalde- formalin used. 
hyde 
4 0.001 0.001 Aqueous 0.010 0.015 16/1 0 _— 
hexamine 
5 0.001 0.001 CH:0 — 10% | 0.001 0.0015 2.5/1 0 — Addition of more 
NHs-— water. NHs after 1 hr. 
Solution aged gave 24% DPT 
3 hr. 
6 0.001 0.001 Henry 0.0015 | 0.0015 2.5/1 54 204 
solution 
7 0.001 0.001 Hexamine- 0.0027 | 0.0015 2.5/1 11 201 
ammonia ] 
%g 0.0032 | 0.0032 | Methylene- 0.0032 | 0.0016 1.5/1 60 204 Solution neutral- 
‘ diamine ized with NazCOs 
sulphate to pH 7 at end 
9 0.0016 | 0.004 Ditto 0.0024 | 0.0012 S.2/1 63 203 Ditto 
10 0.002 0.004 Ditto 0.0026 | 0.0013 2.6/1 62 204 Ditto 
11 0.0010 | 0.006 Ditto 0.0020 | 0.001 7/1 78 205 Ditto 
12 0.0016 | 0.004 Ditto 0.0024 | 0.0012 3.2/1 49 204 Sulphate neutral- 
ized prior to ad- 
dition 
13 0.001 0.003 10% ammonia = ~- 3.0/1 48 199-200 | Neut. to pH 6.5 
with NHs 
































* Excess nitramide was used in these reactions, so yield was calculated on total methylene basis. 


to condense with two molecules of dimethylolnitramide to form a bridged 
eight-membered ring. It follows from this hypothesis that a mono-amine 
ought to form an unbridged eight-membered ring. 


This was found to be the case when methylamine was treated at 0°C. 
with an excess of the formaldehyde—nitramide solution. The precipitate, 
1,5-dimethyl-3,7-dinitro-1,3,5,7-tetrazacycloéctane, IV, was not very stable 
but was identified by analyses, molecular weight determination, and by quan- 
titative decomposition to formaldehyde and methylamine. 

It should be noted that this unbridged eight-ring forms even though an 
excess of formaldehyde is present. The excess of formaldehyde might have 
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been expected to form, with methylamine, N,N-dimethylmethylenediamine 
by analogy with the presumption that formaldehyde and ammonia form 
methylenediamine, II, in the DPT synthesis. Such is evidently not the case, 
yet one might expect that certain amines would behave in this manner. 


NO.NH:; NONH: 
+ + 
2 CH.O 2CH,0 
| | 
| | | | 
CH:0H H—N—H HOH;C 
NO—N ym CHs + N—NO, 
CH.OH H—N—H _. HOH.C 
Il I 


H H 
HC N CH 


| | | 


| H 
O:.N—N i N—NO, 


1C-—-N-— 
H H 








DPT 


Actually we have found that cyclohexylamine acts in this manner. When 
10% aqueous cyclohexylamine is added to an excess of dimethylolnitramide — 
formaldehyde solution at 0°C., an 80% crude yield of 1-nitro-3,5-dicyclo- 
hexyl-1,3,5-triazacyclohexane, VII, is formed in fair purity. This structure 
was allocated because of elemental analysis, molecular weight determination, 
quantitative formaldehyde estimation, and identification of cyclohexylamine, 
as its picrate, in the decomposition distillate. The compound is unstable in 
hot solvents. 

The ease with which 1-nitro-3,5-dicyclohexyl-1,3,5-triazacyclohexane, VII, 
can be formed from cyclohexylamine, formaldehyde, and dimethylolnitramide, 
I, suggested its use for confirmation of the existence of I in the Hale reaction 
liquors. A portion of the liquor which was chosen precipitated 23% (per mole 
of hexamine) of the theoretical amount of DPT. The remainder of this 
liquor was neutralized until the free acid content was about 1%; a single 
extraction with cold ether removed about half the dimethylolnitramide, since 
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the remaining half could be precipitated as DPT by neutralization of the 1% 
acid solution with ammonia. The ether extract was evaporated over a water 
phase, which yielded VII when it was treated with cyclohexylamine. The 
yield of VII was 70% of that expected on the basis of the yields of DPT. 

The transfer of dimethylolnitramide from the Hale reaction liquor by ether 
extraction is necessary when 1-nitro-3,5-dicyclohexyl-1,3,5-triazacyclohexane, 
VII, is used for its characterization because the formation of DPT is much 
more rapid than that of VII. Ammonium nitrate is always present in Hale 
reaction liquors, and its neutralization by a base such as cyclohexylamine 
will furnish the ammonia required for DPT synthesis. 

It should be mentioned that this characterization of dimethylolnitramide 
depends on the assumption that cyclohexylamine and formaldehyde react to 
form methylene-bis-cyclohexylamine, VI. A precipitate, indeed, is formed 
when cyclohexylamine is added to formalin, but this compound has not been 
identified. It could, instead of VI, be N,N’-dimethylol-N,N’-dicyclohexy!]- 
diaminomethane, VIII, in which case nitramide alone would complete the 
reaction to form 1-nitro-3,5-dicyclohexyl-1,3,5-triazacyclohexane, VII. While 
either nitramide or dimethylolnitramide would be extractable by ether from 
the Hale liquors it is highly questionable that free nitramide could exist more 
than momentarily in the acidic solution. 

Nevertheless one should realize that if dimethylolnitramide, I, exists it 
evidently is in equilibrium with formaldehyde and nitramide. Thus, the 
addition of ammonia alone to a solution of two moles of formaldehyde and 
one mole of nitramide causes formation of a 35% yield of DPT. It is obvious 
in this case that part of the formaldehyde needed to form methylenediamine, 
II, must have come from I, or from incomplete reaction of the nitramide and 
ammonia which were combined stoichiometrically to form I. The equilibrium 
must, however, lie far in the direction of the dimethylolnitramide. This is 
evident in the fact that an ether extract of the Hale reaction liquors is not 
altered by treatment with aqueous sodium bisulphite. The formaldehyde- 
bisulphite complex is not formed nor is nitramide freed by this treatment. 


Since dimethylolnitramide must nevertheless exist in equilibrium with 
formaldehyde and nitramide, one cannot say unequivocally that 1-nitro-3,5- 
dicyclohexyl-1,3,5-triazacyclohexane, VII, is formed from dimethylolnitramide. 
The formation of the six-membered ring in VII could arise either from VI or 
VIII, and the latter bears a slight formal resemblance to the known hydro- 
benzamide. The formation of a compound containing an eight-membered 
rather than a six-membered ring would, however, favor that path whereby 
dimethylolnitramide was an intermediate, because nitramide in this event 
would have to react with an aliphatic dimethylolamine, and compounds of 
this type are unknown. In particular benzylamine does not form a dimethylol 


compound. 
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One mole of benzylamine does, however, condense with two moles of nitra- 
mide and 12 moles of formaldehyde and in this instance gives a mixture of the 
six- and eight-membered ring compounds, IX, 1-nitro-3,5-dibenzyl-1,3,5- 
triazacyclohexane and X, 1,5-dibenzyl-3,7-dinitro-1,3,5,7-tetrazacycloéctane. 
Although the compounds were identified only by analysis, no reasonable altern- 
atives involving these empirical formulae could be devised. The formation 
of these compounds affords further proof that dimethylolnitramide is the 
reaction intermediate. 

Among the reactions outlined thus far in this series, only formaldehyde has 
been used. The integrity of dimethylolnitramide might be substantiated if, 
on addition of another aldehyde, a tetrazacycloéctane ring containing only 
methylene groups was obtained. Six moles of acetaldehyde were used to test 
this possibility, and they did not alone react with two moles of nitramide, 
because no precipitate was obtained when ammonia was added to neutrality 
of pH 7. However, when four moles of formaldehyde were then added, a 
precipitate appeared which, according to analysis, could be 1,5-endoethy!- 
idene-3,7-dinitro-1,3,5,7-tetrazacyclodctane, V. Like the other bridged eight- 
membered ring compounds DPT and 3,7-dinitro-1,5-endoethylene-1,3,5,7- 
tetrazacycloéctane, I11], it was thermally more stable than the unbridged com- 
pounds. If V is the correct structure, then two moles of dimethylolnitramide 
must have reacted with the complex ethylidenediamine. 


The structure of V was confirmed by nitrolysis at 0° C. with 50 moles of 
99% nitric acid. A mixture of compounds was obtained, from which a 22% 
vield of 1,3,5,7-tetranitro-1,3,5,7-tetrazacyclodctane (HMX) could be separ- 
ated, probably from 2-methyl-1,3,5-trinitro-1,3,5-triazacyclohexane, although 
the latter was not identified. The isolation of the tetranitro compound locates 
the methyl group on the ethvlidene bridge, and hence substantiates the 
mechanism proposed for formation of V. 

The tetranitrotetrazacycloéctane, which has been symbolized as HMX 
(high-melting explosive) in the following formulation, is a new compound, 


H H H NO; H H H 
ss —a——0-4 ——_h--—-—_C- C——_—_NN--—_—-C- 
} | | 
NON H-C-CH; N-NO. NO;N N-NO, NO.-N CH, N-NO, 
nC ——_N-—_—-C-91 H-C-——N———C-H a-c—_N—_—- C-H 
H H H NO, H H H 
V HMX DPT 


the tetramer corresponding to Cyclonite as the trimer of the hypothetical 
methylenenitramine. It is also obtained, in trace, in the Hale nitrolvsis of 
hexamine, and in 34% yield by the nitrolysis of DPT where, again, the bridge 
is removed. Its constitution was established by Bachmann (1) by molecular 
weight determination. 
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While the condensation reactions outlined above support the existence of 
dimethylolnitramide, the best proof of its existence was obtained by a dehydra- 
tion experiment where the formalin—nitramide solution was evaporated to 
dryness and heated in vacuo at 100°C. The residue, after purification, con- 
stituted a 16% yield of 3,7-dinitro-3,7-diaza-1,5-dioxacycloéctane, XI, and 
thus is the dehydration product arising by removal of two molecules of water 
from two molecules of dimethvlolnitramide. 


The reliability of this proof depends of course, on the constitution of XI. 
This compound had been prepared by Whitmore and Noll (8) by the action 
of nitric acid - ammonium nitrate mixture on hexamine dinitrate for 168 hr. 
When their preparation was repeated, a 16% vield of compound XI could be 
filtered off; the filtrate after neutralization with ammonia to pH 6.5 slowly 
precipitated a 32% vield of DPT. A higher vield of DPT (39° %) could be 
obtained after 60 hr. reaction time, but the vield of compound XI was lowered 
to 11%. This suggests that the initial reaction involves the formation of 
dimethylolnitramide from hexamine dinitrate (two moles per mole, and this 
is the vield basis). The dimethylolnitramide thus produced quite rapidly 
(DPT yield was 23% after one hour reaction) is either stabilized by slow 
dehydration to XI or decomposes slowly over the 168 hr.-period. The presence 
of dimethylolnitramide was demonstrated further by neutralizing an aliquot 
with sodium carbonate to pH 2, extracting the solution with ether, evaporating 
the ether solution with water, and then adding cyclohexylamine. The preci- 
pitate which formed was 1-nitro-3,5-dicyclohexyl-1,3,5-triazacvclohexane, VII. 

A modification of this experiment proved that DPT was unstable in nitric 
acid and probably decomposed to dimethylolnitramide. When DPT was 
allowed to stand 11 days in nitric acid - ammonium nitrate solution, dilution 
with water precipitated XI in 12°% yield on the equimolar basis. Neutral- 
ization of the filtrate to pH 6.5 returned 44% of the DPT, evidently by 
resynthesis from dimethylolnitramide which had not decomposed during the 
11 day period at 11°C. 

The preparation of 3,7-dinitro-3,7-diaza-1,5-dioxacycloéctane, XI, is there- 
fore a modification of the dehydration by which the existence of d methy ol- 
nitramide was to have been proved. In order to support the case for dime- 
thylolnitramide, further proof of structure for XI was necessary, and this was 
provided by nitrolysis. The structural possibilities for a nitramine having 
this empirical formula are limited, but two, XI-a and XI-d can be written: 











NO.—N—CH,—N—NO; CH,——NO; CH.—O-—CH, 
| | | | 
| HNO; | HNO; | 
CH, CH. ee: NO, N — NO.—N N —NO, 
! | ! 1 
O—CH:—O CH.—NO; CH.—O—CH: 


XI-a XII XI-6 
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Both of these compounds could give dinitroxydimethylnitramide, XII, by 
nitrolysis with nitric acid, but only one, XI-b, could give two moles of XII. 
When one mole of XI is treated with 20 moles of nitric acid at 5° C. for 14 min. 
and then drowned in water, a yield of XII was obtained which was 68% on the 
basis XI-b—>XII but would have been greater than theoretical on the basis 
XI-a—XII. The structure of XI (as XI-d) is thus established, and with it the 
identity of dimethylolnitramide if XII has the structure assigned to it. 


Dinitroxydimethylnitramide, XII, is a very unstable solid in humid air 
but it will survive several days in a dry environment. It can be converted in 
68% yield to the more stable diacetoxydimethylnitramide, XIII, by short 
boiling with a sodium acetate solution in acetic acid. In fact the two deriva- 
tives are interconvertible, since the liquid XIII can be converted in 38% yield 
to the solid XII by treatment at 5° C., with 20 moles of nitric acid. The inter- 
convertibility of these two simple compounds establishes the constitution of 
each beyond a reasonable doubt, and therefore establishes the entire series 
of reactions which have been outlined in this report. 


Experiments with dinitroxydimethylnitramide, XII, indicate that the com- 
pound is only slightly soluble in 15 to 20% nitric acid, and is fairly unstable in 
nitric acid medium. Thus, when a mole of XII is treated at 20° C. for 25 min. 
with 20 moles of 99° nitric acid and then drowned in ice—water to a nitric 
acid concentration of 20%, there is reprecipitated 50% of the original XII. 
Neutralization of the filtrate to pH 6.5 with ammonia accounts for only 2% 
more as DPT. This experiment indicates that some dinitroxydimethyl- 
nitramide may be precipitated with the RDX in a Hale reaction. Certainly 
crude RDX contains unstable impurities which must be destroyed by boiling. 
The experiment also explains the decrease in DPT yield (upon ammonia 
neutralization) with increasing age of undiluted Hale reaction liquors (Table 1). 
It suggests that XII may be a major product of hexamine nitrolysis, despite 
the fact that only 10 to 20% of DPT can be obtained upon neutralization. 

This argument is erroneous to the extent that the crude yield of Cyclonite 
is only about 4% higher than the refined yield whereas inclusion of half the 
dinitroxydimethylnitramide into the crude Cyclonite (if XII were produced 
on a1: 1 basis with Cyclonite) should increase the crude Cyclonite yield to 
50% more than the refined yield. The argument for presence of nitroxylated 
dimethylolnitramide, XII, in the Hale dilution liquors is also weakened by the 
observation that XII is hydrolyzed quite slowly (nine hours) under the condi- 
tions of DPT formation, although a 60% yield of the latter compound is 
eventually obtained. This discrepancy in neutralization time, may, however, 
not be significant, since in this experiment the system was heterogeneous, and 
was maintained at a higher pH (8 to 9) than is ordinarily customary for DPT 
formation. 


These considerations indicate that dimethylolnitramide may be present 
wholly or partly in the unesterified form in undiluted Hale reaction liquors. 
Its stability is sufficient to warrant this conclusion. When a cold aqueous 
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solution of dimethylolnitramide is fortified with absolute nitric acid to 90% 
HNO; concentration and is held at 20° C. for two minutes before dilution, a 
58% yield of DPT results on neutralization. If the solution is held 30 min. 
before dilution, the DPT yield is 15%, and this yield agrees closely with that 
obtained by neutralizing a Hale reaction liquor of about 30 min. age in the 
undiluted state. 

Whether dimethylolnitramide is present in the esterified form or otherwise, 
it seems reasonable to presume that it originates in appreciable yield as a 
product of the Hale nitrolysis. 


Experimental* 


DPT from Nitrolysis of Hexamine 

The revised Hale procedure is as follows. A three-necked flask is equipped 
with thermometer, stirrer, and a helical hexamine feeder built around a motor- 
rotated Irwin bit. The 500 cc. flask contains 133 gm. (2.1 moles) of vigorously 
stirred 99.6% nitric acid maintained at 20° to 25° C. (with an ice-salt bath.). 
The. finely powdered hexamine (14 gm., 0.1 mole) is introduced through the 
solids feeder over 12 to 15 min. at a uniform rate so as to avoid local decom- 
position, and, sometimes, fire at the acid interface. The rate is difficult to 
maintain in a glass vessel because of a large heat of reaction, and stainless 
steel or aluminum has sometimes been used. When a glass vessel is used, it is 
convenient to use hexamine dinitrate instead of the amine, the quantity of 
nitric acid being adjusted accordingly. The slurry is allowed to age from 
5 to 15 min., depending on the reaction temperature, and is then poured into 
1 kilo of ice. This is much safer than the reverse dilution where ice and water 
are added gradually to the chilled slurry at — 10° C., because a violent decom- 
position frequently occurs when partial dilution has reached an acid concen- 
tration of about 70 to 75%. The fresh, undiluted reaction slurry is stable even 
in the presence of catalyzing nitrogen peroxide, but this stability decreases 
(with increasing formaldehyde-like odor) with age so that, after one day, 
fume-off invariably results spontaneously or by introduction of nitrogen 
peroxide. No Cyclonite is destroyed by this fume-off. 


The cold filtrate from which the Cyclonite has been removed is stirred and 
chilled while 15 to 25% ammonia is added slowly. No precipitate appears 
until the solution reaches pH 5.4 to 5.6, and it then forms slowly; ammonia 
must be added cautiously (colorless gas is evolved if pH 7 is exceeded) to 
compensate an increasing acidity. After pH 6.5 has been maintained over 
10 to 15 min., the precipitate is filtered off and the filtrate further neutralized 
cautiously to pH 7 to determine completeness of precipitation. The yield of 
DPT, m.p. 177° to 199° C., varies from 1.1 to 2.6 gm. under these reaction 
conditions or 5 to 12% of theoretical on the basis of one mole from one mole of 
hexamine. 


* All melting points corrected against reliable standards. 
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DPT from Hexamine Dinitrate and Acetic Anhydride 

A mixture of 1940 cc. (20 moles) of acetic anhydride and 1330 gm. (five 
moles) of hexamine dinitrate was stirred for two to three days. The initial 
temperature increase subsided after a few hours. The slurry was then filtered 
and water-washed to remove 224 gm. of pure DPT melting at 205° to 206° C. 
The filtrate was drowned to 10% acetic acid concentration and a further 
109 gm. was obtained, m.p. 187° to 200°C. The total vield was 30.6% of 
theoretical. A longer or shorter reaction period gave lower vields and inferior 
product. Neutralization of the final aqueous precipitate yielded no further 
product. 

DPT may be crystallized from acetone, ethyl acetate, nitromethane, 
dioxane, or from acetic anhydride. It is soluble in acetic acid, and gives a 
positive Franchimont test. Calc. for CsHioNeQ;: C, 27.5; H, 4.63; N, 
38.5%. Found: C, 27.7; H, 4.58; N, 38.9%. 

Although the compound is unstable in aqueous acid, its partial recovery 
by neutralization demonstrates a basic amino group. A solution of 0.5 gm. 
DPT in 10 to 15 cc. concentrated hydrochloric acid at 10° C. vielded on 
neutralization with alkali after 15 min. a 58 to 46°% recovery, depending on 
the amount of acid used. The precipitation was complete at pH 3.4. The 
behavior in nitric and sulphuric acids showed greater decomposition. A 45% 
recovery (first appearing at pH 5.6) was effected by solution of 0.5 gm. 
DPT in 25 cc. of 40% nitric at 0° to 20° C., if neutralization was immediate. 
After 45 min. only 34% could be recovered. When stronger nitric acid was 
used (70 to 95% at 0° to 8° C.) the recovery of DPT (appearing at pH 5.6) 
was 12°). When 0.5 gm. of DPT was dissolved in 40 cc. of 40% sulphuric 
acid at 0° to 5°C., neutralization with ammonia after 15 min. gave a 36% 
recovery, initially at pH 5.0, but only 15% could be recovered from 90% 
sulphuric acid; the suspension gassed strongly. However, an 82% recovery 
at pH 5.6 could be effected from 22 gm. of DPT in 40 cc. of 86% sulphuric 
acid; this was partly owing to incomplete solubility, but there was no gas 


evolution. 


DPT from Hexamine Dinitrate and Sulphuric Acid 

One-tenth mole of hexamine dinitrate was added proportionately with 
0.92 mole of 90% aqueous sulphuric acid to a stirred flask at 8° to 15° C. over 
a 30 min. period. After 45 min. subsequent stirring at 14° to 15°C., the 
mixture was poured into 400 cc. of ice and water. The solution was almost 
clear, but was filtered and neutralized to pH 5.6 to 6.5 with 28% ammonia 
to vield 0.031 mole (31% of theory) of DPT, m.p. 199° to 201°C. This yield 
was decreased to 23% when the addition time was 13 min., with seven minutes’ 


subsequent stirring. 


The vield could be increased to 35% by adding the two ingredients propor- 
tionately to 0.2 mole of 98 to 99% nitric acid; but in this case a 14.5% yield 
of impure C yclonite (m.p. 188° to 198° C.) had to be filtered off before neutrali- 
zation. 
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DPT from Dimethylolnitramide and Formaldehyde—Ammonia 

To 0.48 cc. (0.006 mole) of 37% formalin solution which was cooled to 
0° C. was added, with cooling, 0.25 gm. (0.004 mole) of freshly prepared 
nitramide (2). There was no apparent heat of solution. After dilution with 
2 cc. water a 10% aqueous solution of ammonia was added dropwise with 
cooling until a pH of 7 was reached. The precipitate formed slowly over a 
five minute period but was allowed to stand in the mother liquor for 40 min. 
at 0°C. The product weighed 0.215 gm. after filtration, water wash, and 
drying at 50°C. The yield, m.p. 206° to 208°C. (decomp.), was 83% on 
the formaldehyde basis. 


DPT from Dimethylolnitramide and Methylenediamine 

The methylenediamine was prepared according to Knudsen (5) but the 
analysis of our acid salt gave a methylenediamine: sulphuric acid ratio of 
5:6 while he suggests a ratio of 3:4. The salt was always analyzed before 
use. 

To a cold nitramide-formaldehyde solution, prepared by mixing 0.10 gm. 
(0.0016 mole) of nitramide and 0.12 cc. (0.0016 mole) of 37% formalin as 
outlined above, was added 0.20 gm. (0.0011 mole) of methylenediamine 
sulphate together with 7.5 cc. water to dissolve this salt. The resulting 
solution was cooled to 0° C. and neutralized to pH 7 with saturated aqueous 
carbonate. The white precipitate which appeared at once was filtered after 
40 min., washed with 10 cc. water, and dried at 50°C. The product weighed 
0.085 gm. (97% CH:0 basis) and melted at 206° to 208° C. (decomp.). 

The instability of the methylenediamine in aqueous solution is attested by 
the fact that a lower yield was obtained if the methylenediamine sulphate was 
neutralized with sodium carbonate before it was added to the nitramide— 
formaldehyde solution. 

It might be argued that the instability of methylenediamine would augment 
the formaldehyde—ammonia content of the solution to such an extent that the 
yield of 97% in experiment would be invalidated. Actually it would be cal- 
culable as 73% if all the methylenediamine had decomposed to formaldehyde 
and ammonia. Under any circumstances, such a reservation is not tenable 
because of the rapidity of the reaction to form DPT when methylenediamine 
is employed, as contrasted to the use of formaldehyde—ammonia. 


Furthermore the enhancement of yield using methylenediamine can be 
shown when other ratios and excesses are used. Thus, inspection of Table II 
shows that when formaldehyde and ammonia alone are used with nitramide, 
the yield of DPT increases from 22% to 48% (methylene basis) as the methyl- 
ene-nitramide ratio increases from 1:1 to 2.5:1. A ratio of 1.5:1 will 
therefore produce a yield between these limits when formaldehyde-ammonia 
is used, but this ratio (Expt. 8) produces a 60% yield (methylene basis) when 
part of the methylene is in the form of methylenediamine. 
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Again, when methylene is in excess and the yield is calculated on the nitramide 
basis, a 3 : 1 ratio of methylene to nitramide yields 48% of DPT when formal- 
dehyde and ammonia are used (Expt. 13) and this is practically the same if a 


previously neutralized methylenediamine sulphate solution is used (Expt. 12), . 


but yields of 62 to 63% are obtained at ratios of 3.2—2.6 : 1 if the methylene- 
diamine is freed from its salt im situ. 


Stability of Dimethylolnitramide in Nitric Acid 

Dimethylolnitramide was prepared in the usual way by mixing 0.11 gm. 
(0.0018 mole) of nitramide and 0.32 cc. (0.0043 mole) of formalin (37%) with 
cooling. The solution was cooled in a dry-ice bath while a solution of 0.14 gm. 
(0.0018 mole) of ammonium nitrate in 2.5 gm. (0.039 mole) of 99% nitric 
acid was added to it. If the resulting solution (C) were allowed to warm to 
10° C. over a two minute period and was then drowned in 9 gm. ice—-water 
mixture, a 46% yield (formaldehyde basis) of DPT was obtained when the 
solution was neutralized with ammonia. If, on the other hand, the solution 
(C) were allowed to stand at 20° to 25° C. for 30 min., the yield of DPT was 
only 15%. 

Dimethylolnitramide is evidently more stable in dilute (10 to 20%) nitric 
acid than in the absolute acid, since a Hale filtrate (12% HNO; content) gave 
a 21% yield of DPT on the day the nitration was carried out; this decreased 
to 14% after seven days, and no DPT was obtained after 20 days. 


3,7-Dinitro-1,5-endoéthylene-1,3,5,7-tetrazacycloéctane, III 

A cold solution of 0.62 gm. (0.01 mole) of nitramide in 3.0 cc. (0.04 mole) 
of 37% formalin was treated at 0° C. with 3.3 cc. (0.0055 mole) of 10% 
ethylenediamine solution plus 5 cc. water. After 12 hr. the precipitate which 
formed slowly was filtered off, water-washed, and dried at 50°C. It weighed 
0.52 gm. (45% theory, nitramide basis) and melted at 134° to 139°C. with 
violent frothing. 

This compound has much the same properties as its homologue, DPT. 
It is insoluble in warm ethanol, benzene, dioxane, methanol, acetic acid, 
and carbon tetrachloride but soluble in warm acetone and warm nitromethane. 
It is decomposed readily in boiling nitromethane and boiling water with 
evolution of formaldehyde. The pure compound is obtained in short, distinct 
needles by crystallization from warm acetone, m.p. 140° C. (frothing). Cale. 
for CysHizNeO,: C, 31.0; H, 5.21; N, 36.2%. Found: C, 30.6; H, 5.24; 
N, 35.7%. Hydrolysis with 5% sulphuric acid gave formaldehyde and ethyl- 
enediamine; the latter was obtained as its picrate after neutralization of the 
alkali distilled hydrolyzate. Both fragments were estimated quantitatively 
(6). Cale. for CH,O, 51.7; ethylenediamine, 25.9%. Found CH.O, 52.7; 
ethylenediamine, 26.3%. 


1,5-Dimethyl-3,7-dinitro-1,3,5,7-tetrazacycloéctane, IV. 
To a cold solution made by dissolving 1.50 gm. (0.024 mole) of nitramide in 
12 cc. (0.16 mole) of 37% formalin was added 3.6 cc. (0.012 mole) of 10% 





B 











CHUTE ET AL.: NITROLYSIS OF HEXAMETHYLENETETRAMINE. I. 233 


methylamine solution with stirring. A dense precipitate formed at once. 
The reaction mixture was aged 15 min. longer at 0° C. and then filtered; the 
precipitate was washed with 125 cc. water and dried at 50°C. It weighed 
0.62 gm. (44% on methylamine basis) and melted at 124° C. (decomp.). 

The substance IV is soluble in acetone, ethanol, chloroform, and 10% 
aqueous sodium hydroxide but is insoluble in petroleum ether and diethyl 
ether. It is unstable in hot solvents and deteriorates by exposure to moist air. 
It may be purified by crystallization from acetone (25°C. to —40°C.) as 
needles, m.p. 124°C. Its molecular weight by the Barger-Rast method 
in acetone was found as 243 (calc. 234). Calc. for CigHigNeOy: C, 30.7; 
H, 6.02; N, 35.9%. Found: C, 30.9; H, 6.01; N, 36.4%. Methylamine 
was identified as its picrate in the distillate from which the compound was 
hydrolyzed in aqueous solution. The compound was analyzed quantitatively 
for methylamine and formaldehyde. Calc. for CsHis3NeO,;: 4CH.O, 51.3; 
2CH3NH2, 26.5%. Found: 4CH2O, 53.2; 2CH3sNHe2 , 31.0%. 


1-Nitro-3,5-dicyclohexyl-1,3,5-triazacyclohexane, VII. 

A.solution (10 cc., 0.01 mole) of 10% aqueous cyclohexylamine was added 
with stirring to a cooled solution of 1.24 gm. (0.02 mole) of nitramide in 
9.0 cc. (0.12 mole) of 37% formalin. A very dense white precipitate formed 
immediately and was filtered off after the slurry had aged 15 min. at 0°C. 
After washing with 25 cc. of water, it was dried at 50°C. It weighed 1.20 
gm., m.p. 94° to 96°C. (decomp.), a yield 80% of theoretical on the cyclo- 
hexylamine basis. 

The compound VII is slightly soluble in cold ethanol, methanol, chloroform 
and is very soluble in cold benzene, acetone, dioxane, glacial acetic acid, and 
methyl ethyl ketone. It is unstable in hot solvents and is best kept over 
phosphorus pentoxide. It crystallizes as flakes from acetone (25° — 0°C.) 
with melting point, pure, of 99°C. Its molecular weight (Barger—Rast in 
acetone) was found as 290 (calc. 296). Calc. for Ci;HesNsO2: C, 60.8; 
H, 9.49; N, 18.9; CHO, 30.4%. Found: C, 60.4; H, 9.43; N, 18.8; 
CH.O, 31.9%. Hydrolysis in dilute alkali resulted in evolution of cyclo- 
hexylamine, identified as its picrate, in the distillate. 


Dimethylolnitramide with Benzylamine—Formaldehyde 


To a cold solution of 0.124 gm. (0.002 mole) of nitramide in 0.90 cc. (0.012 
mole) of 37% formalin was added with shaking 1.07 cc. (0.001 mole) of 10% 
aqueous solution of benzylamine. A dense white precipitate formed imme- 
diately and, after the slurry was digested at 0° C. for 20 min., the precipitate 
was filtered, washed with 30 cc. of water, and dried at 50°C. The weight of 
product was 0.095 gm., m.p. 93° to 95° C. (frothing). 

This crude mixture is insoluble in ethanol, soluble in cold ethyl acetate and 
benzene, and very soluble in cold acetone and methyl ethyl ketone. It decom- 
poses in hot solvents. The two constituents were separated by dissolving the 
crude in a minimum of acetone at 25° C. cooling to0° C. The eight-membered 
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ring compound, X, separated out leaving the six-membered ring compound, 
IX, in solution. The latter was recovered by 1:1 dilution of the filtered 
liquor with water. 

The melting point of dibenzyldinitrotetrazacycloédctane, X, is 150.5°C. 
(decomp.) after crystallization, in fluffy needles, from acetone. Calc. for 
Crt: C, 55.9: B. $.75: N; 20.7%: Found: C,. 86:8; H, 5:67; 
N, 21.7%. 

Nitrodibenzvltriazacvclohexane, IX, is purified in a fluffy, noncrystalline 
form by precipitation from acetone with water to melt at 109°C. Calc. for 
Ci7HaoNsO2: C, 65.3; H, 6.47; N, 17.9%. Found: C, 65.4; H, 6.38; 
N, 17.9%. 


1,5-Endoéthylidene-3 ,7-dinitro-1,3,5,7-tetrazacycloéctane, V. 

A solution of 0.124 gm. (0.002 mole) of nitramide in 2.75 cc. (0.012 mole) 
of 20% acetaldehyde was cooled by ice bath while 0.56 cc. (0.003 mole) of 
10% ammonia was added. After 20 min. digestion at 0° C., 0.30 cc. (0.004 
mole) of 37% formalin was added. Since precipitation was slow, the mixture 
was maintained at 0° C. for two hours, then filtered, and the crystalline product 
washed with water and dried at 50°C. The product weighed 0.090 gm. 
(30% of theoretical on formaldehyde basis) and melted at 173° C. (shrinkage 
with residue finally melting at 245° C.). 

This compound is insoluble in hot benzene, ethanol, acetic acid, chloroform, 
and dioxane but slightly soluble in warm acetone and methyl! ethyl ketone. 
It was purified from warm ethyl acetate to give small well defined crystals, 
m.p. 175°C. with a brown residue remaining up to 245°C. Cale. for 
CHuaNQ,: C, 31.0; H, 5.17: N, 36.2%. Found: C, 30.5; H, 5.21; 
N, 36.2%. 

When the compound was analyzed for aldehyde and ammonia, the ratio 
aldehyde : ammonia of 2.44 was obtained, whereas a ratio of 2.5 might be 
expected according to the following equation: 

H,0 


——— > CH,CHO + 4CHO + 2NH, 
H.SO, 


1,3,5,7-Tetranitro-1,3,5,7-tetrazacycloéctane, HMX 

When 2.18 gm. (0.01 mole) of DPT was added to 12.7 gm. (0.2 mole) of 
99.6% nitric acid at 0° to 10° C. over five minutes, a slurry formed. After 
25 min. this mixture, drowned in ice, yielded a precipitate melting at 232° to 
260°C. This was heated with 70% nitric acid until nitrogen oxides were 
evolved, then cooled, chilled, and filtered. The washed, dried material 
weighed 1.01 gm. or 34% of theoretical and melted at 278.5° to 279.5°C. 
Recrystallization from acetone, 70% nitric acid, dioxane (10% solution hot, 9% 
solution cold) or nitromethane, (solution 7.5% hot, 2.2% cold) raised this 
to 280.0°C. (decomp.). These solubilities refer to crystallization over a 
few hours; the acetone solution precipitates more HMX over several days. 

















CHUTE ET AL.: NITROLYSIS OF HEXAMETHYLENETETRAMINE. I. 235 


The solubility of HMX in pyridine is limited and this probably accounts for 
a low molecular weight value (250) in this solvent by the isopiestic Barger- 
Rast method. Calc. for CsHsNsOs : C, 16.22; H, 2.72; N, 37.8%. Found: 
C, 16.4; H, 2.76; N, 38.2%. 


The molecular weight was determined ebullioscopically by Bachmann as 
296. The crystallization from nitromethane yields initially a needle-shaped 
polymorph which converts to a massive form on reheating. 

HMX was also prepared from 1,5-endoéthylidene-3,7-dinitro-1,3,5,7-tetraza- 
cycloéctane, V, when 0.52 gm. (0.0024 mole) m.p. 236° to 245°C., was 
added over a period of 11 min. to 4.75 cc. (0.112 mole) of 99% nitric acid at 
0°C. The resulting solution was digested 50 min. longer at 0° C. and then 
drowned in 150 cc. of ice-water mixture, the precipitate filtered, washed with 
water, and dried at 50°C. Weight was 0.27 gm., m.p. 179° to 184°C. 
(decomp.). This was separated by several crystallizations from warm ethyl 
acetate into 0.15 gm. of impure HMX, m.p. 261° to 271°C. Yield of HMX 
was 22% of theory (1: 1 mole basis). The remainder of the crude nitration 
product was for the most part HMX contaminated with some impurity, 
probably 2-methyl-1,3,5-trinitro-1,3,5-triazacyclohexane. 


3,7-Dinitro-3,7-diaza-1,5-dioxacycloéctane, XI 
A. From Dimethylolnitramide 

A cold solution of 0.62 gm. (0.01 mole) of freshly prepared nitramide in 
1.50 cc. (0.02 mole) of 40% formalin was allowed to stand at 0° C. for five 
>. water bath and evaporated to dryness 
under reduced pressure (12 mm.). After most of the water had been removed, 
a rather viscous liquid remained. The temperature of the bath was increased 
to 100° C. and the liquid changed to an amorphous solid which was digested 
at 100° C. at 12 mm. for another hour and a half and then washed with 10 cc. 
of water and dried at 50°C. Weight of product was 0.17 gm., m.p. 244° to 
247° C. (decomp.). Yield calculated as crude XI was 16% of theory on a 
2:1 basis. One crystallization from acetone raised the melting point to 
263° to 264° C. (decomp.); mixed melting point with an authentic sample (8) 
was not depressed. 


minutes and then immersed in a 60° ¢ 


B. From DPT 
A solution of 67.2 gm. (0.84 mole) of ammonium nitrate in 55 cc. (1.31 
moles) of 99% nitric acid was added rapidly to 30 gm. (0.137 mole) of DPT 
and the resulting slurry was warmed to 50° C. for five minutes, then cooled to 
11° C. and stirred there for 11 days. At the end of this time, the reaction 
mixture was drowned in 250 cc. of ice-water mixture and allowed to stand 
overnight at 0°C. The precipitate which was filtered, water-washed, and 
dried at 50° C. weighed 3.35 gm., m.p. 236° to 244° C. (decomp.). Yield was 
11.8% of theory (1:1 mole basis). One crystallization of this crude from 
acetone resulted in an 86% recovery of good quality material. 
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The drowned acid filtrate was neutralized to pH 6.5 with sodium carbonate 
and 13.1 gm. of crude DPT (44% of the original starting material), m.p. 180° 
to 182° C. (decomp.), was recovered. One crystallization of this from acetone 
resulted in an 86% recovery of DPT, m.p. 199° to 201° C. 


C. From Hexamine Dinitrate (8) 

Toa solution of 643 gm. (8.04 moles) of ammonium nitrate in 530 cc. (12.5 
moles) of 99% nitric acid, was added 352 gm. (1.32 moles) of hexamine dinitrate 
(HADN) over three minutes. The temperature of the slurry was raised by 
gentle warming to 42° to 45°C. for 13 min., cooled to 7° C., and the thick 
sludge stirred for seven days at this temperature, then drowned in three liters 
of ice-water mixture and allowed to stand at 0° C. for two days. The crystal- 
line precipitate was filtered, water-washed, and dried at 50°C. Weight of XI 
was 43.5 gm., m.p. 262° to 264°C. (decomp.). The acid filtrate was neut- 
ralized to pH 6.5 at 5° C. with 28% ammonia and 110 gm. of DPT, m.p. 190° 
to 192°C. (decomp.) was obtained. Yield of crude DPT was 38% on the 
basis of one mole of HADN giving one mole of DPT. The yield of XI was 
16% of theory on the basis of one mole of XI from one mole of HADN. 


Dinitroxydimethylnitramide, XII, from XI 

To 25.6 cc. (0.58 mole) of 99% nitric acid at 5° C. was added 6 gm. (0.0288 
mole) of XI over seven minutes. The resulting solution was aged seven min- 
utes longer at 0° C.; and then drowned in 200 cc. of ice-water mixture. The 
slightly lumpy precipitate was filtered after standing 10 min. at 0° C., ground 
in a mortar, washed acid-free with water, and dried at 25° C. in vacuo over 
phosphorus pentoxide. Weight of the product was 8.30 gm., m.p. 58° to 
60°C. Yield calculated as crude dinitroxydimethylnitramide was 68.3% of 
theory (on basis of one mole of XI giving two moles of XII.). 

The compound is soluble in methanol, ether, ethyl acetate, acetone, nitro- 
methane, and dioxane. It is slightly soluble in benzene and chloroform and 
insoluble in water. It can be purified by crystallizing from warm ether in 
wedge-shaped crystals, melting at 59° to 60°C. It decomposes readily on 
standing exposed to the air, but can be stored for several days, without decom- 
position, im vacuo. It is a powerful impact-sensitive explosive. Calc. for 
Cerne: C, 11.3: BH, 1:89; N;, 26.4%. Found: C, 11.4; H, 1.89; N, 
26.3%. 


Diacetoxydimethylnitramide, XIII, from XII 

To a solution of 23.9 gm. (0.292 mole) of anhydrous sodium acetate in 
120 cc. (2 moles) of acetic acid at 35° C. was added 15.5 gm. (0.0731 mole) of 
dinitroxydimethylnitramide and the resulting suspension refluxed for three 
minutes. The reaction mixture was then cooled to 30°C. and the acetic 
acid removed under reduced pressure. The residue from this distillation was 
extracted with two portions of 250 cc. of ether and finally with 200 cc. of ether. 
The ether was removed from the ether extract with a stream of dry air and 
the resulting residue was distilled under reduced pressure to remove further 
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traces of acetic acid. The oily residue which remained was suspended in 
20 cc. of water, neutralized to pH 9 with sodium carbonate, and the diacetate 
was extracted with four 60 cc. portions of ether. The etherous extract, which 
was dried over sodium sulphate, was distilled at 11 mm. pressure. The frac- 
tion boiling at 151° to 154° C., weighed 10.4 gm. Yield, calculated as crude 
diacetoxydimethylnitramide (XIII), was 69% of theory. 


Further distillation of this fraction at 11 mm. pressure yielded a colorless 
liquid. The main fraction boiling at 152° to 152.7°C., (weight 5 gm.) was 
pure (XIII), 725, 1.453; m2, 1.4540; d?°, 1.311. Calc. for CeHioN2O¢: C, 
35.0; H, 4.86; N, 13.7%. Found: C, 35.1; H, 4.90; N, 13.9%. Molecular 
refraction: Calc. MRp 43.6. Found: MRp 42.6. 


Dinitroxydimethylnitramide, XII, from XIII 

To 7.3 cc. (0.171 mole) of 99% nitric acid which was cooled to 5° C. was 
added with stirring 1.76 gm. (0.00855 mole) of diacetoxydimethylnitramide, 
XIII, with swirling in an ice bath. The reaction mixture was allowed to 
stand 10 min. at room temperature and then drowned in 60 cc. of ice—water 
mixture. The precipitate was filtered, washed acid free with water, and dried 
at 25°C. in vacuo. Weight was 0.68 gm., m.p. 57° to 58°C. Mixed melting 
point with an authentic sample of XII was not depressed. Yield calculated 
as crude XII was 38% of theory (1 : 1 mole basis). 


DPT from Dinitroxydimethylnitramide, XII 

Toa mixture of 0.208 gm. (0.001 mole) of dinitroxydimethylnitramide and 
0.08 gm. (0.001 mole) of ammonium nitrate, was added a solution of 0.15 cc. 
(0.002 mole) of 40% formalin in 3 cc. of water. The resulting suspension was 
cooled in an ice bath and 10% sodium hydroxide solution was added dropwise 
over a period of six hours, the pH being maintained at 8 to 9, whereupon 
further addition of alkali was not required to maintain the pH at 8. The 
reaction mixture was aged three hours longer at 0° C. and the precipitate 
filtered. Weight of product was 65 mgm., m.p. 200° to 201° C. (decomp.). 
Yield calculated as DPT is 60% of theory (basis of two moles of XII giving 
one mole of DPT.) 
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A COMPARISON OF THE DIRECT AND INDIRECT 
RADIOACTIVE METHODS FOR DETERMINING THE SURFACE 
AREA OF A STRONTIUM SULPHATE PRECIPITATE! 


R.H. SINGLETON AND J. W. T. SPINKs 


Abstract 


The specific surface of a strontium sulphate precipitate, as determined by the 
direct radioactive method using Sr®°, was found to be 12,800 sq. cm. per gm. 
The specific surface of the same strontium sulphate precipitate was also deter- 
mined by the indirect method using ThB. Specific surfaces of 30,800 and 
21,300 sq. cm. per gm. were obtained using ThB separated, from thorium nitrate, 
by the chemical separation and emanation methods, respectively. The factor 
of approximately 2 between the direct and indirect methods indicates that 
Paneth’s theories, while probably correct in the main, may require some modi- 
fication. 

Introduction 


During the past few years the determination of surface areas of solids has 
become of increasing importance, and various methods for making such deter- 
minations have been developed. One method of determining the surface area 
of a slightly soluble inorganic crystalline precipitate depends on the occurrence 
of a surface exchange reaction, the extent of the exchange reaction being 
followed by a radioactive isotope of the cation. This method was first used 
by Paneth and Vorwerk (6) to determine the surface area of a finely divided 
precipitate of lead sulphate, using thorium B (Pb?!) as the radioactive indi- 
cator.* Two methods were used, the direct radioactive method and the 
indirect radioactive method. 


The Direct Radioactive Method 

When a weighed amount of lead sulphate is shaken with a saturated aqueous 
solution of lead sulphate containing, besides ordinary lead, some radioactive 
lead (e.g., ThB), a reversible kinetic interchange takes place continually 
between the lead ions in the surface layer of the crystal and the lead ions in 
solution. It is assumed that the interchange does not extend beyond the 
surface layer or that, if it does, the interchange with lower layers takes place 
relatively slowly, so that the resulting slow penetration can be distinguished 
from the primary surface exchange. When equilibrium has been set up, the 
following equation holds 


ThB in surface — Pb in surface (1) 





ThB in solution Pb in solution 


The “‘ThB in solution”’ may be determined by centrifuging and evaporating an 
aliquot of the liquid and determining its activity with an electroscope (as by 


1 Manuscript received October 29, 1948. 
Contribution from the Department of Chemistry, University of Saskatchewan, Saskatoon, 
Sask., with financial assistance from the National Research Council of Canada. 
* In a recent review, Paneth (4) has suggested that the exchanging part of the surface may be 
smaller than the geometric surface, but at the same time the only important one for the phenomena 
of adsorption and catalysis and therefore well worth studying. 
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Paneth and Vorwerk) or with a Geiger—Miiller counter. Knowing the original 
ThB activity, the ‘““ThB in surface’’ may be calculated. The “total lead in 
solution’’ may be determined by chemical analysis and finally, using the 
above equation, the “total Pb in surface’”’ may be calculated. Then, if certain 
simplifying assumptions are made, the surface area of the precipitate can be 
calculated. Paneth and Vorwerk (6) have shown that this method yields 
results of the same order of magnitude as the microscope method when applied 
to lead sulphate crystals. 

It is reasonable to believe that the same method can be used with a radio- 
active anion tracer, 


The Indirect Radioactive Method 

Paneth and Thimann (3, 5) suggested that the surface area of crystalline 
precipitates such as barium sulphate or strontium sulphate could be deter- 
mined by means of an exchange reaction similar to that just described, using 
a radioactive tracer which forms sulphate crystals that are isomorphic with 
both barium and strontium sulphate. It was known that the sulphates of 
barium, strontium, lead, and radium show well defined isomorphism. It was 
shown by Paneth that lead ions, for example, can participate in kinetic exchange 
with the outer layer of a precipitate of strontium sulphate. A reasonable 
mechanism for the exchange is: 


SrSQ, (at surf.) + Pb*++ (in soln.) = PbSQOs, (at surf.) + Sr++ (in soln.). 


The surface area of strontium sulphate crystals was determined using the 
same procedure as before except that the tracer was radioactive lead instead 
of radioactive strontium, the latter being unobtainable at that time. It was 
assumed that the individual tendencies of the lead and strontium ions to go 
into the crystal lattice from the solution were proportional to their respective 
concentrations in the aqueous saturated solution of strontium sulphate con- 
taining lead sulphate. Also, it was assumed that the individual tendencies of 
the lead and strontium ions to leave the lattice and go into solution: were 
proportional to their respective amounts (or concentrations) on the surface 
of the strontium sulphate. Hence, when a strontium sulphate precipitate is 
shaken up with a saturated solution of strontium sulphate containing a trace 
of radioactive lead sulphate, an equilibrium is rapidly set up and the following 


condition holds: Pb on surf. _ (= on a) 
ee ’ 


Sr in soln. 


(2) 


Pb in soln. 


where K is a constant. From theoretical considerations, Paneth derived the 
value of K from the ratio of the strontium and lead concentrations in a solution 
saturated with respect to both (i.e., K is equal to the ratio of the solubility 
product constants of the two sulphates). 

His results were reproducible and were of the right order of magnitude as 
compared with the microscope method of determining the surface area. He 
used the method with Thorium B and Thorium X (a radium isotope) on 
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barium, strontium, and calcium sulphates. His results were low on the last 
precipitate, possibly owing to the fact that calcium sulphate is not isomorphous 
with the others. 

Radiostrontium is now available and it was thought that it would be of 
some interest to check Paneth’s indirect method by determining the surface 
area of a strontium sulphate precipitate by the indirect method using Thorium 
B and also by the direct method using Sr®, half life 25 years (7). 


Experimental 
Measurement of Radioactivity 

Radioactivity was measured using a thin window Geiger—Miiller counter, 
with an “‘end on” mica window (3 mgm. per sq. cm.) connected to a scale of 
128 scaling circuit (see for example (8) ). All activities were corrected for 
the natural background of the counter, and counter fluctuations were elimin- 
ated by comparing the sample with a standard sample of uranium oxide. 
The statistical counting error was reduced to about 1% by recording 10,000 
counts. The resolving time of the counter was determined and corrections 
made where necessary (9). Additional possibilities of error are those due to 
pipetting, geometry, back scattering, and self-absorption. The effect of these 
factors was evaluated empirically. Eight uniform 23 in. diameter watch 
glasses were selected and 5 cc. portions of saturated strontium sulphate solu- 
tion, containing Sr”, pipetted into them. The solution was evaporated under 
standard conditions on a water bath and the activity counted with the watch 
glass about 1 in. from the counter window (diameter 1 in.). The ratios with 
respect to the uranium standard were 1.21, 1.20, 1.24, 1.22, 1.235, 1.255, 
1.21, 1.235, showing an average variation from the mean of 1%. 

The residue obtained on evaporation of the solution in a typical experiment 
covers an area of about 15 sq. cm. and weighs about 0.6 mgm. However, 
the residue deposits in concentric rings and it is therefore not possible to make 
an accurate calculation of self-absorption. Consequently an empirical test 
was made. One cubic centimeter of active strontium sulphate solution (con- 
taining approximately 0.03 mgm. SrSOx,) was pipetted into each of six watch 
glasses. Five cubic centimeters of saturated strontium sulphate solution (con- 
taining 0.6 mgm. SrSO,, the amount used in later experiments) was added to 
2ach of three of these, and 5 cc. water added to the other three. The activities 
after evaporation, agreed to better than 1%, indicating that self-absorption 
in these experiments is negligible. 


Correction for Growth of Daughter, Y* 

Sr®° decays with emission of a beta particle to Y°® which itself decays to 
Zr® (stable). Y* has a half life of 65 hr. and Sr®, 25 years. Consequently 
a sample of Sr®, initially free from Y%, will grow Y®% quite rapidly. Sr®° 
emits beta particles with energy 0.6 Mev. while Y° emits beta particles with 
energy 2.2 Mev. The corresponding half-thicknesses for our counter were 
25 + 2 and 205 + 5 mgm. per sq. cm. of aluminum respectively. The growth 
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of the Y°® daughter may be observed by separating a pure specimen of Sr®° and 
observing its activity from time to time either without a screen between it and 
the counter or with a screen having a thickness of aluminum of 221 mgm. per 
sq. cm., between the sample and the counter. In the latter case, all but about 
0.2% of the Sr® activity is cut out. The data are recorded in Tables I and 
II, and plotted in Fig. 1. 


TABLE I 


GROWTH CURVE OF Y°, WITHOUT SCREENS 











Time, hr. Activity Correction factor F 
0.0 100.0 1.000 
0.6 101.0 0.991 
2.9 106 .2 0.943 
4.2 108 .2 0.924 
Te 111.0 0.902 

10.9 118.6 0.843 
Z2..1 133.5 0.750 
51 154.1 0.650 
73 171.4 0.585 
99 182.4 0.550 
119 193.4 0.518 
168 202 0.496 
192 212 0.472 
240 215 0.467 
360 225 0.445 
576 227 0.441 











From Fig. 1 the equilibrium activity due to the Y® is about 130 when the 
initial Sr®° activity is 100. Since Sr®° has a much greater half life than Y% 
the two should be emitting betas at equal rates at equilibrium. The fact 
that at equilibrium Y*° apparently emits 30% more beta particles than the 
Sr®° is due to two causes, (a) there is a much greater absorption of the Sr 
beta particles by the air and the window of the counter than for the electrons 
from Y°, and (d) scattering corrections will differ widely owing to the differing 
energies of the beta particles (10). 

Table II records the data for the growth of Y° as observed through 221 
mgm. per sq. cm. of aluminum. Column 2 gives the observed counts per 
minute, after correcting for the small amount of Sr®° betas that passed through 
the screen. When these figures are plotted against the time, the curve levels 
out at about 7900 counts per minute. Column 3 is obtained by taking 7900 
to be 130%. Fig. 1 indicates that the results of the experiments with and 
without a screen are in good agreement. Quite obviously, if a sample of Sr®° 
initially free from Y®, is left for a few hours before counting, a correction 
must be applied to the observed activity in order to find the activity due 
to Sr”. 

Column III of Table I gives the correction factor F for converting the total 
activity of a sample at a given time to the activity due to the strontium 
(F = ratio 100 : observed activity). The values are plotted in Fig. 1 (inset). 
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TABLE II 


GROWTH OF Y°, AS MEASURED THROUGH AN ALUMINUM SCREEN 
(221 MGM. /SQ. CM. ALUMINUM) 






































! 

Time, days Counts/min. | Activity % (normalized) 
0.04 135 ee 
0.08 191 3.1 
0.25 562 9.2 
12 2184 35.7 
ae | 3713 60.9 
3.0 4758 78 
4.2 5555 91 
6.3 6577 108 
7.0 6821 112 
8.0 7984 131 

10.3 7803 128 
21.1 8097 133 
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Fic. 1. Growth of Y°° daughter. (1, Y° activity; X, Y% plus Sr® activity. 


Preparation of Sr®°SO; 

Sr®® was isolated from a mixture of barium and strontium carbonates that 
had been separated from fission products more than a year previously. A 
small sample showed no decay over the course of two months, indicating that 
Ba!*® and Sr®® were not present in appreciable amounts. As shown below, it 
eventually became apparent that the activity was due mainly, if not totally, 
to Sr® and its daughter Y®%. Preliminary tests also showed that inactive 
barium was present in considerable amount but that very little inactive stron- 
tium was present. Consequently, 5 mgm. inactive strontium carrier was 
added to a solution obtained by dissolving these carbonates in acetic acid. 
Bat+ and Sr++ were then precipitated as sulphates as a means of separating 
these from the rare earths, Y+*+*+, Lat*+*+, and Ce**+**, whose sulphates were 
soluble under these conditions. After converting the precipitate to carbonates 
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again and dissolving in acetic acid, barium was removed as chromate. The 
strontium was precipitated as carbonate and dissolved in acetic acid. The 
degree of separation was followed by taking absorption curves, using aluminum 
screens. Fig. 2 shows the progressive change in the absorption curve as the 
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Fic. 2. Change in absorption curve as Sr® is separated from Y®, 


strontium is freed from yttrium. Curve (i) is for the material obtained in the 
first strontium separation described above. Holdback carriers of Y***, 
Lat++, and Ce**+*+* were then added and the strontium separated as sulphate. 
The sulphate was converted to carbonate and the sulphate precipitation cycle 
repeated three times, each time adding rare earth holdback carriers. Curves 
(ii) and (iii) for the second and third separations were identical and curve (iv) 
was a little high, owing to the fact that a somewhat longer time elapsed between 
the separation of the Sr and the measurement of the absorption curve (allowing 
more Y*° to grow) in (iv) than in (ii) and (ili). 

The dashed line in Fig. 2 indicates about 4% Y°® activity. Since about 3% 
would have grown in the two hours elapsed between separating and measuring, 
the separation was at least 99% complete. 


The strontium acetate solution from the above four treatments was used 
in surface area determinations—any Y°* that had grown from the Sr®*° being 
removed immediately before the surface area experiments. 


A sample of Y°° was prepared as follows: 0.1 mgm. Y*+*+* and 1 mgm. Sr** 
were added to a Sr® solution that had been kept for some time. After remov- 
ing Sr as sulphate, Y°° was precipitated as hydroxide with ammonium hydrox- 
ide. The resulting precipitate was washed once with ammonium hydroxide 
solution and dissolved in two drops dilute acetic acid. The solution was 
diluted to 0.25 cc., 1 mgm. Sr++ holdback carrier added, and the separation 
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repeated. The yttrium hydroxide was dissolved in acetic acid. A small 
portion of the solution was evaporated and used to determine a decay curve. 
The results are given in Table ITI. 

TABLE III 


Decay or Y% 











Days | % activity 
0 100 

6.7 17 37 
8.7 | 10.52 
17 1.15 





After 63 days there was no measurable activity, indicating the absence of 
longer lived activities. 


A semilog plot of these data indicates that the half life is 65.5 hours.* 


Separation of Sr®° and Y*® Prior to Surface Area Determination 

A suitable aliquot of active strontium acetate solution, obtained as above, 
is placed in a 3 cc. centrifuge tube. One tenth of a milligram of yttrium 
(as chloride) holdback carrier and 0.5 mgm. of strontium (as nitrate) are 
added. The volume is made up to about 0.5 cc. and one drop of dilute 
sulphuric acid is added. The resulting precipitate is digested on a hot water 
bath for 15 min., centrifuged, and washed twice with cold water. About 
0.25 cc. of 109% sodium carbonate solution is added to the strontium sulphate 
precipitate in the centrifuge tube, and the mixture is heated on the hot water 
bath for 15 min. with occasional stirring. The precipitate is centrifuged, 
washed twice with hot water, and dissolved completely in two drops of hot 
dilute acetic acid. Suitable portions of this active strontium acetate solution 
were used for specific surface determinations. 


Preparation of Strontium Sulphate 

Two hundred cubic centimeters of 8 JZ sulphuric acid was added slowly, 
with stirring, to 500 cc. of 3 MW strontium chloride solution. During the 
mixing, which took six minutes, the temperature rose from 22° to 35°C. The 
suspension was allowed to settle, the clear supernatant solution decanted off, 
and the precipitate washed six times with 1500 cc. portions of distilled water. 
The mixture was stirred for 15 min. during each of the first three washings, 
30 min. during each of the fourth and fifth washings, and one hour during 
the last washing. Only a very small amount of the finer particles was lost 
during this treatment. Finally, the precipitate was transferred to a 1 liter 
wide mouthed, glass stoppered bottle and diluted to 1 liter with distilled 


* It should perhaps be remarked that these results were obtained independently of and prior to 
the publication of the Manhatten Project report (7). 
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water. This ‘suspension B’’ was used to determine the surface area with 
Sr®. Roughly 1/10 of suspension B was withdrawn and put into another 
similar bottle and diluted to 1 liter with saturated strontium sulphate solution. 
This was labelled ‘‘suspension B diluted’’ and was used to determine the surface 
area with Thorium B. 

The amount of precipitate in 5 cc. of ‘‘suspension B”’ and in 1 cc. of “‘suspen- 
sion B diluted’’ was determined as follows. The suspension was made homo- 
geneous by stirring rapidly with an electrically driven stirrer and, while still 
stirring, the 5 cc. portion was pipetted off and filtered through a dried and 
weighed Gooch crucible. The pipette was kept perpendicular while the sus- 
pension was in it in order to prevent the precipitate from clinging to the sides. 
This standard technique of pipetting was used during specific surface deter- 
minations. The crucibles were dried in an electric oven at 80° C. to constant 
weight. Both determinations were run in duplicate. The resulting weights 
are given below. 


WEIGHT OF STRONTIUM SULPHATE IN GRAMS 











1 | Z | Average 
5 cc. of suspension B 1.0716 | 1.0700 1.0708 
1 cc. of suspension B diluted 0.0217 | 0.0219 0.0218 





Preparation of a Saturated Aqueous Solution of SrSO. 


A saturated aqueous solution of strontium sulphate was made up as follows. 
Ten cubic centimeters of suspension B was put into 5 liters of distilled water 
and stirred for 24 hr. in a constant temperature bath at 25 + 0.05°C. The 
precipitate was then allowed to settle for four hours at the same constant 
temperature and the clear, supernatant solution was siphoned off and filtered 
through filter paper into two flasks, A and B. 

The amount of solid material in the solution in each bottle was. determined 
by evaporating 1 liter to dryness on a steam bath and weighing the residue. 
One liter of distilled water was evaporated in a similar manner and the residue 
weighed. This “‘blank’’ was run in duplicate. The results are listed below 
in grams per liter. 











| 1 2 Average 
Sample | 0.1245 0.1252 0.1249 
Blank 0.0063 0.0074 0.0069 
Solubility 0.1180 








From this work, the solubility of strontium sulphate in water at 25° C. was 
taken to be 0.1180 gm. per liter. This value was used in the specific surface 
determinations. The Critical Tables do not list the solubility of this salt. 
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However, a number of values, as determined by various authors, are given in 
A Dictionary of Solubilities by Comey and Hahn. The result obtained here is 
within the widely fluctuating values listed by these authors. The pH of the 
solution was 6.75. 


Measurement of Adsorption of Sr® by Strontium Sulphate Crystals 


Experimental Procedure 

The experimental procedure for determining the amount of Sr adsorbed 
by a given weight of strontium sulphate was as follows. A portion of Sr® was 
separated from Y using the standard procedure given on p. 244. The time 
at which the strontium sulphate (active) was precipitated during this separa- 
tion was recorded. A small portion of the resulting strontium acetate solution 
was added to a given volume of the saturated strontium sulphate solution. ‘ 
Its concentration was such that the strontium concentration of this ‘‘solution 
A”’ was not increased appreciably but its resulting activity was sufficiently 
large to give accurate counting values during subsequent specific surface 
determinations. 

Five cubic centimeters of suspension B was pipetted into a 30 cc. glass 
stoppered bottle made of flint glass. Fifteen cubic centimeters of solution A 
was then pipetted into this bottle and the latter was shaken for a given length 
of time. (The temperature of the suspension was kept at 25° C. while shaking.) 
It will be shown later that varying the method of shaking makes no appreciable 
difference to the amount of activity adsorbed. The suspension was then 
centrifuged for about three minutes, 5 cc. of the supernatant liquid pipetted 
off and evaporated on a watch glass on a hot water bath, and its activity deter- 
mined on the counter. The activity of the original was determined by evapor- 
ation of two 5 cc. portions of solution A on similar watch glasses and counting. 
The average of these multiplied by 0.76 was used as a standard instead of the 
normal uranium oxide standard.* All results were obtained in duplicate. 
The times of centrifuging and counting were noted. All sample readings were 
sandwiched between the readings of the original solution A. From the ratio 
of the sample to the original, after each was corrected for the growth of the 
yttrium daughter, the percentage of Sr® adsorbed could be obtained. 


These experiments were carried out with suspension B after it had stood in 
the laboratory for 60 days. 


Method of Calculation 
It is shown later that yttrium ions are not adsorbed appreciably on the sur- 
face of a strontium sulphate precipitate that is in contact with a saturated 
solution of strontium sulphate containing vttrium. 
* This factor depends on the volume of the precipitate. Taking the density of strontium 


sulphate as 4, the volume of the precipitate in 5 cc. of suspension B is roughly, 0.27 cc. Thus the 


final volume of the solution is 19.73 (not 20 cc.) and the factor is a5 = 0.76. 
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Having established the above fact, the percentage Sr® adsorbed may be 
calculated from the ratio of the activities of the supernatant liquid and the 
original solution. 


Let the time between the separating of the Sr® and the centrifuging be t; 
and let the time between the centrifuging and the counting be tg. Let the 
correction factors taken from Fig. 1 for these times be F, and F2 and let the 
factor for the time ts = ft; + te be F;. Let the ratio of the measured activities 
of the supernatant liquid and the original be R. Then, assuming the original 
activity to be 100 units at time ¢;, the sample activity is 100 R units. The 





Sr® in the original = the total Sr® in the sample before centrifuging = 100 
xX F3. re 

The total activity at the time of centrifuging = aS . Therefore the 

1 
Y°* activity that built up in the sample before centrifuging 
100 F: 
= A= - 100 x Fs. 
1 


It is shown later that this Y® stayed in the solution when the sample was 
centrifuged. During the subsequent ‘‘f.’’ hours before counting, some of this 
Y” decayed and, using the half life of 65.5 hr., a correction factor k may be 
found so that, at the time of counting, this excess Y® had dropped to 


100 X F; 
b eee — 100 x P| 
F, 
Let X = the units of Sr®® not adsorbed on the surface of the precipitate. 
“a . - X . 
Then, the Y*® that grew from X in ¢, hours = : i xX. 
At time ¢;, the total activity in the sample of supernatant liquid = the 


activity of unadsorbed Sr®° + the activity of Y® that built up before centri- 
fuging + the activity of Y° that built up after centrifuging, or 





F, 


\ 


100R = x +4 [OO X* _ 100 x Fk] + X 
F Fi 
_ 7100 X Fs x 
- 2[ > ~ 100 x Fs + & 
Rearranging, 
X = F,/100R — p(x ~ 100 x F]} 


The Sr®*® adsorbed on the precipitate 


= 00Xhm®-X = Fs (100 - F,| “3 - p (7 - 100) |} 
3 1 


~ ‘ units of Sr® ads. 
The % Sr® ads. = — So x 100 
units of Sr® in original 


100 — Fh be il (Fe ba 100) | 








F; 


F, 
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An example of the use of this equation is as follows: 
(i) Activity of original = 4040 counts per minute (at 3.30 p.m.), 
(ii) Activity of supernatant liquid = 982 counts per minute (at 3.30 p.m.), 
(iii) Time of separation of Sr®°® = 9.00 a.m. 
(iv) Time of centrifuging = 11.45 a.m. 


982 
The corrected original (see p. 246) = 4040 X.0.76 = 3070. Then R = : 


3070 
= 0.320. ¢#, = 2.75 hr., ft = 3.75 hr. and tj = 6.50 hr. From Fig. 1, the 
correction factors are: F; = 0.95, F, = 0.93, and F; = 0.89. 
3 


to 


At time fg = 3.75 hr., k = 0.96 (approx.) 


Substituting in the above equation: 


: 100 X 0.32 100 

0, 90 > 2 = C prt itl age C 2 _ 

7% Sr ads. = 100 0.93 | - 0.96 (so 100) | 
= 71.1. 





All ““% Sr ads.”’ values were calculated in this manner. 


Effect of Time of Shaking 

In order to determine the effect of time of shaking, experiments were carried 
out in which the time of shaking was varied. The general procedure outlined 
above was followed using 5 cc. of suspension B which contained 1.0708 gm. 


of SrSO;. The results are given in Table IV. Each experiment was done in 
duplicate. 

TABLE IV 

(SEE Fic. 3) 


EFFECT OF TIME OF SHAKING 








Method of %Sr°° ads. 





Min. shaken 








| 
shaking | Experiment 1 | Experiment 2 | Average 
F | 
| | | | 
0.1 | By hand | 40.0 | 38.2 39.1 
1 sii | 48.5 | 45.9 | 47.2 
5 | . | 47.9 | 47.1 | 47.5 
10 “ 50.1 | 48.7 49.4 
10 | Automatic | 50.7 49.5 50.1 : 
15 | By hand 51.8 49.8 | 50.8 t 
30 | a“ | 56.2 | 55.2 | 55.7 i 
60 - 59.0 57 .6 58.3 f 
120 | Automatic | 61.2 | 59.6 | 60.4 
240 | . | 59.3 58.9 | 59.1 





It should be mentioned here that the delay in transferring the suspension 
from the shaking bottle to the centrifuge tube, during which time the precipi- 
tate was still in contact with the solution, was in no case greater than two 
minutes and, for the shaking times of 0.1 and 1 minute, it was about 1 minute. 
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The two sets of results in Table IV, one obtained by shaking for 10 min. 
by hand, and the other by shaking for 10 min. with the automatic shaker 
(Gyrosolve), agree within 0.7%. This indicates that no serious difference is 
introduced by using different shaking methods. 

The results are plotted in Fig. 3 as ‘‘% Sr*® adsorbed”’ versus time of 
shaking in minutes. From the rapid initial rise in this time curve (from zero 
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TIME OF SHAKING, MINUTES 


Fic. 3. Effect of time of shaking on percentage adsorpiion of Sr®°. 


to about 47% of Sr®® adsorbed in one minute) it appears that the primary 
exchange reaction is complete in less than one minute. The further slow rise 

is probably due to a slow secondary process or processes. 
: The curves obtained by Paneth and Vorwerk (6) and by Kolthoff and- 
Rosenblum (2, p. 2659; Table III, preparation II) using nondried lead sul- 
: phate precipitates and Thorium B are quite similar to this curve. However, 
Paneth followed his for about 30 min. only. Kolthoff followed his for 24 hr. 

and found that it kept rising slowly. 

The specific surface was calculated from the average percentage Sr* 
adsorbed after 10 min. of shaking (49.8%). While there is a certain arbitrari- 
ness about the time chosen, it appears likely that less than 3% of the 49.8% 


was due to slow secondary processes since 46.9% was adsorbed in one minute, 
f during which time the effect of these slow reactions was probably negligible. 
The Calculation of the Surface Area of SrSO, Using Sr® 

; ' (Direct Method) 

1 The specific surface of the precipitate in suspension B may be calculated as 


- f follows: 





%Sr® ads. gm. of Sr in soln. 
100 — %Sr*° ads. a 


(3) 


Gm. Sr in surface per gm. SrSO, = 
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where a is the weight of the strontium sulphate precipitate. The ‘‘%Sr®*° ads.”’ 
after 10 min. of shaking is 49.8 (see Table IV). For suspension B, a is equal 
to 1.0708 gm. (see p. 245). The weight of strontium sulphate in 1 liter of 
saturated solution was found to be 0.1180 gm. (see p. 245). Therefore, the 
“gm. of Sr in soln.’’ is equal to , 





19.73 87.63 _ = 
1000 xX 0.1180 X 183.69 ~ 1.4 xX 0 
Substituting these values into Equation (3); 
ae ae 49.8 1.3 x if“ 
Gm. Sr in surface per gm. SrSO. = 100 — 49-8 10708 
= 10.3 X 10~ 
The number of atoms of strontium or molecules of strontium sulphate on 
—4 
the surface of 1 gm. = nn Ball X 6.02 K 10% = 7.06 X 10%. 
87.63 
The volume occupied by one ‘‘molecule’”’* of strontium sulphate 
183.69 183.69 


= a = 2 —24 ne 
"inp tin Na Fe ecenw * ** 








Then, the area represented by one side of a molecule, assuming a cubic 
lattice = (77 X 10-**)?/8 = 18.1 X 10-'® sq. cm. Therefore, the surface 
area of 1 gm. of precipitate = 7.06 X 108 K 18.1 X 10-'® = 12,800 sq. cm. 

The 2% error in determining ‘‘% Sr®° ads.” results in a 4% error in the 
specific surface or the surface area. The error in the determination of a is 
less than 1% and the discrepancy in ‘‘gm. of Sr in soln.’’ is probably less 
than 1%. Therefore, the surface area of 1 gm. of the precipitate is equal to 
12,800 sq. cm. (+5%). 


Aging of the Precipitate 

In order to ascertain the effect of aging on the size of thé crystals, the 
specific surface of suspension B was redetermined after it had stood in the 
laboratory for a few months. The procedure already described was used 
with a shaking time of 10 min. The “‘gm. of Sr. in soln.’’ of Equation (3) was 
taken to be the same as before. The results are given below together with those 
that were previously obtained. 








Gm. of strontium 
Age, days sulphate in 5 cc. of % Sr® ads. Sp. surf. 
suspension B 





70 1.071 49.8 12,800 sq. cm. per gm. 
225 1.060 49.4 12,700 sq. cm. per gm. 














* The ‘‘molecule’’ is one strontium ion plus one sulphate ion. 
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These results show that the surface area did not change during the period 
from 70 to 225 days after the formation of the precipitate. This fact is of 
importance because the specific surface was determined with Thorium B 
during this period. 


Adsorption of Y*** on Strontium Sulphate Crystals 

A portion of the active yttrium acetate was added to an aqueous, saturated 
solution of strontium sulphate. Five cubic centimeters of suspension B was 
made up to 20 cc., with this active solution, in a shaking bottle. Twenty 
cubic centimeters of the active solution was added to another bottle as a 
blank. Both bottles were shaken for four hours. The suspension was 
centrifuged and 5 cc. portions of the supernatant solution and of the blank 
were evaporated in watch glasses on a hot water bath. The experiment was 
done in triplicate. The blank was multiplied by a correction factor of 0.76 
as on page 246. The ratio of all of the readings to the third blank are given 
in the table below. The percentage Y°° adsorbed, as obtained from this ratio, 
is given in the third column. 




















Ratio * YY ads. 
Blank — (1) 1.015 
Blank — (2) 1.980 
Blank — (3) 1.000 
Sample — (1) 1.056 —5.6 
Sample — (2) 1.046 —4.6 
Sample — (3) 1.023 —2.3 
: 
The average %Y*% adsorbed = —4.2%. The negative result indicates 


that yttrium is not adsorbed on the surface of a strontium sulphate precipitate 
that is in contact with an aqueous, saturated solution of strontium sulphate 
containing Y®%, 


Adsorption of Sr®° on Flint Glass 


In order to determine whether Sr®° was being adsorbed on the walls of 
the flint glass bottles during the shaking period, 20 cc. of the active saturated 
solution of strontium sulphate was shaken for four hours on the automatic 
shaker in one of the flint glass bottles, and 5 cc. of this solution was then 
evaporated on a 23 in. watch glass and counted. This experiment was carried 
out induplicate. Five blanks were made by evaporating 5 cc. portions of the 
same active solution, on similar watch glasses, and counting. These blanks were 
withdrawn from the active stock solution and evaporated at various times 
before and during the shaking of the duplicate solutions so as to determine 
whether or not any adsorption of Sr®° occurred on the walls of the stock bottle 
while standing. The activities of the samples, after shaking, were compared 
with the blanks. The growth of the yttrium daughter was the same for the 
samples and the blanks, and could therefore be neglected. The ratios of the 
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blanks to the average blank and the ratios of the sample activities to the 
average blank are listed below. The second column gives the apparent Sr*? 
activity adsorbed when the solutions were shaken for four hours. Blank 4 
was used as the standard. 














Ratio | % Adsorbed 
| 

Blank 1 1.04 | 

Blank 2 0.99 

Blank 3 0.97 | 

Blank 4 1.00 

Blank 5 1.00 

Sample 1 | 0.98 2 

Sample 2 0.99 1 





The fact that the ratios of the blanks are close together indicates that no 
adsorption of activity took place on the walls of the stock bottle during the 
four hours’ shaking time. The average percentage adsorbed (1.5%) is within 
the limit of experimental error. Thus, it was concluded that Sr® is not 
adsorbed appreciably on the walls of the flint glass shaking bottle during the 
four hours’ shaking. 

Summing up the possible effect of the various errors, it is thought that they 
would not be greater than 5%. Kolthoff and Rosenblum (2) allowed an error 
of 2% for their determination of the adsorption of ThB on lead sulphate. 


The Calculation of the Surface Area of Strontium Sulphate 
Using Thorium B (Indirect Method) 


Experiments were done using ThB that had been separated from Thorium 
nitrate (a) chemically and (6) by the emanation method. 


(a) Chemical Separation 

To 12 gm. thorium nitrate was added 12 cc. water, 2 mgm. Pb** carrier 
and 1 mgm. of each of Ba++ and Lat**+ (nitrates) as holdback carriers for 
radium and actinium. Lead sulphide was precipitated by passing hydrogen 
sulphide through the hot solution. The precipitate was digested, centrifuged, 
washed, and dissolved in hot nitric acid. The free sulphur was centrifuged 
off and the solution evaporated to dryness. The white solid was taken up 
in a small amount of water. A small portion of this solution was evaporated 
on a slide which was used to determine the half life of ThB. The value 
found (10.6 hr., Fig. 4) agrees with the accepted. The remainder of the 
solution was added to 45 cc. saturated strontium sulphate solution (solution C). 


Thorium B(Separated Chemically) Adsorbed by SrSO; 

One cubic centimeter portions of “suspension B diluted” were pipetted into 
each of three 30 cc. glass stoppered shaking bottles. Ten cubic centimeter 
portions of solution C were pipetted into each bottle and the bottles were 
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shaken on the shaker for 10 min. The samples were quickly centrifuged and 
5 cc. of each clear filtrate was evaporated on the steam bath in the same type 
of watch glass as used in determining the specific surface with Sr®. Three 
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Fic. 4. Decay curve for ThB; half life 10.6 hr. 





5 cc. portions of solution C were evaporated in similar watch glasses to serve 
as blanks. Counts were taken eight hours after centrifuging in order to allow 
the residues to reach radioactive equilibrium (see Fig. 4). The average 
activity of the three blanks was determined. The ratio of the three samples to 
this average blank was obtained. Then, allowing for the dilution factor, 


% ThB ads. = 100 (1-ratio x pd 


3) -* The results are given below. 


Ww bdo 

wn un un + 
sa ums 
me WwW Ul 


The average value is 56.7%. 


The Surface Area 


The specific surface may be calculated by inserting Paneth’s theoretical 
K value into Equation (3). 





‘ a a % &ThB ads. gm. of Sr in soln. 
Gm. Sr in surface per gm. SrSO, = K x 100 — % ThB ads. : 
K = 15 
% ThB ads. = 56.7 
. ‘ 87.6 11 
Gm. of Sr in 11 cc. of soln. = 183.7 x 0.118 X 1000 
= 6.19 X 10“. 


* The volume of crystalline strontium sulphate will not alter the factor 11/10 appreciably. 
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Substituting these values into the above equation, 





; 1 56.7 6.19 K 10-4 
Gm. Sr in surface per gm. SrSO, = is x 100 — 56.7 0.0218 
= 24.8 X 10“. 
The number of molecules of strontium sulphate on the surface of 1 gm. of 
ad 24.8 X 10- . ~ . 
precipitate = —>-—>—_ XK 6.02 K 10% = 17.04 K 10". 
87.63 

It has been previously shown (page 250) that the surface area covered by 

one molecule of strontium sulphate = 18.1 X 10-'® sq. cm. Therefore the 


surface area of 1 gm. of precipitate = 17.04 X 10'§ K 18.1 X 10-'® = 30,800 
sq. cm. 

The counting, geometrical, and mechanical errors were such that the 
specific surface obtained here is precise to within +5%. 

Since the Thorium B was allowed to reach radioactive equilibrium before 
counting, the adsorption of Thorium C (bismuth) on the precipitate, if it 
occurred at all, did not affect the final activity that was measured. For the 
same reason, any self-absorption of the beta particles from ThB and its 
daughters would occur to the same extent in the blanks and the samples. 

It was found by direct experiments similar to those with Sr®® that Thorium 
B was not adsorbed on the walls of the flint glass shaking bottle after 10 min. 
of shaking when less than 1 mgm. of lead carrier per 20 cc. of saturated 
strontium sulphate was used in the presence of small amounts (of the order 
of 10-3 NV) of nitric or of acetic acid. 

Mention should be made of some earlier, somewhat less accurate experi- 
ments. Using 0.07 gm. strontium sulphate and half as much lead carrier as 
in the above experiments, a specific surface of 24,000 sq. cm. was obtained, 
while using five times as much lead carrier a specific surface of 24,400 sq. cm. 
was obtained. This indicates that a 10-fold variation in the ratio of lead 
carrier to strontium sulphate precipitate does not affect the calculated surface 
area appreciably. Experiments on the effect of time of shaking gave results 
very similar to those for Sr®°. 


(6) Emanation method 


Preliminary experiments indicated that thorium nitrate crystals gave 
off very little emanation. However, when the nitrate was converted to 
hydroxide a high Thorium B activity was obtained by the emanation method. 
Two hundred and fifty grams thorium nitrate was converted to the hydroxide, 
which was dried at room temperature and powdered and placed in a flat 
bottomed disk, 10 in. in diameter. The dish was placed in a tin can and a 
piatinum foil was suspended in the center of the can by a wire passing through 
an insulating stopper. The foil was made 75 v. negative with respect to the 
can. An activity of 40,000 counts per minute collected on the foil in two days. 
After reaching equilibrium it decayed with a half life of 11 hr. (+ 5%) and 
was evidently Thorium B. 
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Surface Area Measurement Using ThB (Emanation) 

Preliminary experiments indicated that Thorium B, obtained by the 
emanation method, was adsorbed quite strongly on glass. This was in agree- 
ment with the findings of Kolthoff and Eggertson (1). In order to eliminate 
this difficulty the glassware was coated with paraffin wax. The pipettes were 
then standardized. As a further precaution, a very small amount (10-® gm.) 
of lead carrier was used. In this way, adsorption on the walls of the vessels 
during a specific surface determination was reduced to about 5%. 

The procedure used in the final surface area determination of suspension 
B was as follows. One cubic centimeter of “Suspension B diluted’’ was 
pipetted into a paraffin coated shaking bottle. (Paraffin coated equipment was 
used in each of the following steps.) The platinum foil from the emanation 
apparatus was stirred by hand for 10 min. in 40 cc. of saturated strontium 
sulphate solution to which 10~® gm. of lead carrier (as lead nitrate) had been 
added. This procedure removed approximately one-half of the activity from 
the foil. The resulting active solution was centrifuged for 10 min. and a 
certain portion of this ‘‘solution D’’ was pipetted into the shaking bottle con- 
taining the ‘‘suspension B diluted’”’. The bottle was shaken by hand for 
10 min. The solution was centrifuged for one minute and an aliquot was 
pipetted into a watch glass. A similar aliquot of solution D was pipetted 
into a similar watch glass to serve as a blank. The solutions were then 
evaporated on a hot water bath, allowed to stand for eight hours in order to 
reach radioactive equilibrium, and their relative activities determined in 
the usual manner with a Geiger counter. Both samples and blanks were 
run in duplicate. The dilution of the samples with 1 cc. of “Suspension 
B diluted”’ as well as the small adsorption of Thorium B on the vessel walls 
was allowed for in the calculation. 


Results 
The results obtained in the above experiment are as follows: 
% ThB ads. 
Experiment 1 45.1 
Experiment 2 46.9 
Average 46.0 


The average percentage Thorium B adsorbed is 46.0. The volume of satur- 
ated strontium sulphate solution was 11.76 cc. The weight of strontium 
sulphate in 1 liter of saturated solution = 0.1180 gm. (see page 245). There- 


a X 0.1180 < ae 6.62 <x 10. 


1000 183.69 
0.0218 (see page 245). 


. 1 46 6.62 & 10-4 
Thus, gm. Sr in surface per gm. SrSO, = 15 x 54 x 0.0218 


17.2 X 10. 





fore, ‘gm. of Sr in soln.” 


a 
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Using a calculation similar to that used on page 250, the surface area may 
be calculated to be equal to 21,300 sq. cm. per gram. 


Summary of Experimental Results and Conclusion 


To summarize, the following results were obtained for the specific surface of 
a strontium sulphate precipitate: 

1. Direct method (Sr®) 12,800 sq. cm. per gm. 

2. Indirect method (ThB by chemical separation) 30,800 sq. cm. per gm. 

3. Indirect method (ThB by emanation) 21,300 sq. cm. per gm. 


The third value (21,300 sq. cm.) was obtained by following Paneth and 
Thimann’s indirect method (5) as closely as possible. Comparing this with 
the value by the direct method (12,800 sq. cm.), it is seen that the direct 
and indirect methods yield specific surface areas of the same order of magnitude 
but differing by about 65%. Since this is quite outside the limits of experi- 
mental error it would seem that the discrepancy is due to the uncertainty in K. 

A simple calculation using Equation (3) and the above values indicates that 
in order to get better agreement between the direct and indirect methods, 
K would have to be about 25. It is unfortunate that the K,.,.’s for lead 
sulphate and strontium sulphate are not more accurately known. However 
in spite of the lack of exact agreement between the direct and indirect methods, 
it is very striking that in order to get 50% ‘“‘adsorption” of Pb?” one needs 
only 1/25 the amount of strontium sulphate crystals necessary to give 50% 
“adsorption” * of Sr. The Langmuir type of explanation for this would be 
to say that lead is more strongly adsorbed on the surface than strontium or 
that it stays on the surface longer, i.e. the ‘‘accommodation coefficient”’ is 
greater. That the forces are stronger is shown by the smaller solubility of 
lead sulphate as compared to strontium sulphate and, as mentioned above, 
Paneth tried to allow for this by putting in the factor K, equal to the ratio of 
the A,.,.’s. The situation is complicated by the fact that the Pb is being 
adsorbed on SrSO, and not on PbSO, and perhaps a better approach would 
be to use the indirect tracer method to study surface forces (4), particularly 
since radioisotopes of most of the elements are now available. 

This difference in surface areas by the indirect method, for the two methods 
of preparing Pb", calls for comment. Had the removal of Pb?” been a case 
of pure adsorption (unaccompanied by exchange), the minute amount of lead 
present in the emanation method should have been adsorbed to a greater 
percentage than in the experiment where Pb?! was separated in the presence 
of a large amount of carrier (larger by a factor of about 10%). Actually the 
reverse was true, 57%} as compared to 46%, which would seem to rule out the 
simple adsorption idea and favor the exchange mechanism. The difference 
in surface areas might well be due to the measured surface area being a function 
of the nature of the surface as well as the actual area, the nature of the surface 


* In view of the loose usage of ‘‘adsorption”’ it might be better to introduce the term ‘‘exchange 
adsorption” to cover this particular type of adsorption. 
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pending on the extent to which it is covered by exchanging ions. This 


might be investigated by systematically varying the carrier concentration 


the indirect method. 
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EXCHANGE REACTIONS OF Cot+, Cot++, AND THEIR 


HEXAMMINO COMPLEXES! 
By S. A. HosHowsky’, O. G. HoLMEs, AND K. J. McCaLtumM 


Abstract 


In a study of the exchange of radioactive cobalt between Co*+ and 
Co(NHs3)s*** it was found that no exchange within experimental error AB 20 
within seven days at 25°C., or two days at 50°C. The various steps involved 
in a conceivable mechanism by which exchange might have been expected to 
occur were then investigated separately. From the results obtained it appears 
that dissociation of the complex is one limiting factor. The exchange between 
the two hexz ammino complexes of divalent and trivalent cobalt was found to be 
very slow at 25°C. 


Introduction 


In acid or neutral solution, a possible mechanism for exchange of the radio- 
active cobalt isotope of mass 60 between cobaltous ion and radioactive hexam- 
mino cobaltic ion is the following: 


Co®(NH,)t#+ == CO%++ + 6NH; (1) 
Cot+++ + Cott == Cott + Cott (2) 


If the first equilibrium is operative, as suggested by Lamb and Larson (3) 
who give the value 2.2 X 10-* for the instability constant of the complex, a 
small concentration of cobaltic ion will be present in the solution. An exchange 
by electron transfer between the uncomplexed cobaltous and cobaltic ions 
would then result in an eventual exchange of the radioactive cobalt initially 
present in the solution. 

Experiments previously reported (2, 4) have shown that no exchange within 
experimental error occurs in a period of 24 hr. at room temperature. In 
explanation of this fact, Flagg (2) suggested that the rate of reduction of the 
cobaltic ion by water might be greater than the rate of the electron transfer 
process. However, the reduction of the cobaltic ion would result in the 
gradual decomposition of the hexammino cobaltic ion, and in view of the 
observation (4) that less than 0.1% of the complex was so decomposed in 
24 hr., either the dissociation of the complex, the reduction of the cobaltic ion, 
or both, must be considered slow processes. 

In the present work, the exchange between the cobaltous and hexammino 
cobaltic ions has been studied for periods of time up to one week and at both 
25° C. and 50°C. The exchange between uncomplexed cobaltic ion and radio- 
active hexammino cobaltic ion, suggested by Reaction (1), and the electron 
transfer between the uncomplexed cobaltous and cobaltic ions have been 
investigated. 

1 Manuscript received January 3, 1949. 
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In addition, exchange between the hexammino cobaltous and hexammino 
cobaltic ions has been studied at room temperature for periods up to 17 days. 


Materials 


For this study, use was made of the radioactive cobalt isotope of mass 60 
with a 5.3 year half life. Radioactive hexammino cobaltic chloride was syn- 
thesized by a standard procedure (1). The material was purified by recrystal- 
lization, and analyzed for cobalt. The results of duplicate determinations 
showed 22.08% Co (theoretical: 22.03% Co). 


Cobaltic sulphate was prepared by electrolytic oxidation of cobaltous sul- 
phate in sulphuric acid (5). The product was analyzed for total cobalt by 
electrolytic deposition on weighed copper disks, and for trivalent cobalt by 
the addition of excess potassium. iodide followed by titration with sodium 
thiosulphate. Although the prepared material was kept at 0° C., the amount 
of divalent cobalt present in the sample slowly increased owing to the decom- 
position of the cobaltic ion. 


Procedure and Results 


I. Investigation of Exchange between Co*+ and Co(NH3) +++ 

In these experiments, known amounts of the complex chloride and cobaltous 
chloride were dissolved in water and the solutions allowed to stand in the dark 
for known periods of time. Solid ammonium chloride and ammonium thio- 
cyanate were then added, and the cobaltous thiocyanate complex was extracted 
with ether —isoamyl alcohol mixture. The cobalt was removed from the 
organic layer by shaking with a dilute ammonia solution and then precipi- 
tated by the addition of ammonium sulphide. The cobalt sulphide was 
dissolved in aqua regia and the resulting solution boiled with sulphuric acid. 
The cobalt was deposited electrolytically on weighed copper disks and the 
radioactivity determined. Radioactivity measurements were made using a 
mica window end-on type of counter with a scale-of-64 circuit. In all cases, 
corrections for self-absorption were negligible owing to the thin samples used. 

In most of the experiments, the radioactivity was initially present in the 
hexammino cobaltic chloride. In a few experiments, where the radioactivity 
was initially present in the divalent state, the complex remaining in the 
aqueous layer, after the extraction with ether — isoamyl alcohol mixture, was 
precipitated as a double salt by the addition of mercuric chloride. Separation 
of the cobalt and mercury was carried out by standard procedures, and the 
cobalt subsequently deposited electrolytically for counting. 

In those experiments where the activity was initially present in the complex 
ion, blank experiments (without the addition of cobaltous chloride) were per- 
formed to determine if decomposition of the cobaltic complex to cobaltous ion 
was occurring under the conditions of these experiments. In these cases, a 
small amount of cobaltous chloride was added as carrier immediately after 
the extraction to assist in the electrical deposition. 
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The results are summarized in Table I, where the mean of duplicate experi- 
ments is recorded for each set of conditions. The total number of counts 
taken for each of the different experiments varied between 2400 and 6000 


TABLE I 


EXCHANGE BETWEEN Co(NHs3)6***+ AND Co** 
Solutions 0.011 molar in both forms of cobalt 











Temperature, Time Apparent per cent 
*. 3 exchange 
25 3.5 hours 0.03: = 005° 
25 3.5 hours 0.02 + 0.07 
25 6 hours 0.06 + 0.07** 
25 6 hours 0.01 + 0.06** 
25 1 day 0.03 + 0.07 
25 7 days —0.10 + 0.11 
50 1 day —0.10 + 0.15 
50 2 days —0.15 + 0.18 
50 3. days 0.70 + 0.28 
50 6 days +0.90 + 0.13 











* Solution 1 molar in hydrochloric acid. 
** Radiocativity initially present in the divalent state. 


counts per minute. The results are reported as the apparent percentage of 
the hexammino cobaltic chloride undergoing exchange with all of the divalent 
cobalt present. The uncertainties were calculated, taking the statistical error 
in the determination of the background and cobalt activity as the square root 
of the number of counts observed. 

At 25° C., exchange is found to be zero within experimental error for periods 
up to seven days. At 50°C., a small but measurable exchange is found to 
occur within six days. In the latter case, a correction has been made for the 
decomposition of 0.4% of the complex to form cobaltous ions, which was 
detected in the blank experiments. 


ITI. Investigation of the Exchange between Co+**+ and Co(NH3)¢*+* 

A study of the exchange between hexammino. cobaltic ion and the uncom- 
plexed cobaltic ion was made to give information on the equilibrium represented 
by Reaction (1). If this equilibrium is rapidly and completely established, 
an exchange between radioactive hexammino cobaltic ions and cobaltic ions 
should be observable. 

Cobaltic sulphate was used as the source of cobaltic ions. In solution it is 
quite likely that the cobaltic ions are hydrated so that the exchange being 
investigated is one between the hexammino complex and an aquo complex. 
The known behavior of the cobaltic ion in aqueous solution indicates that the 
stability of such a complex must be small. 
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The ease of reduction of the cobaltic ion to the divalent state by water is 
a complicating factor in the study of this exchange reaction. At low tem- 
peratures, the reduction is slow enough to permit experiments to be carried out. 

The general procedure was as follows. To a 0.01 molar solution of radio- 
active hexamino cobaltic sulphate was added cobaltic sulphate so that the 
two forms of trivalent cobalt were in equimolar proportions. Owing to the 
reaction of the cobaltic ion with water, the concentration of this ion gradually 
decreased. The solution was allowed to stand until one-third of the cobaltic 
ion initially added remained in the trivalent state, a period of time determined 
in a separate experiment. The remainder of the cobaltic ion was then reduced 
to the cobaltous state and the uncomplexed cobalt separated from the hexam- 
mino cobaltic complex by extraction with ammonium thiocyanate and amy] 
alcohol — ether mixture. 

Exchange during the process would result in the appearance of radioactivity 
in the form of cobaltic ions, which were subsequently reduced to the cobaltous 
state. Detection of radioactivity in the extracted cobaltous fraction would 
then indicate the occurrence of an exchange. 

‘Similar experiments were carried out using the perchlorate anion in place 
of the sulphate ion. The hexammino cobaltic chloride and cobaltic sulphate 
were converted into the corresponding perchlorate salts by the addition of the 
calculated amounts of silver perchlorate and barium perchlorate, respectively. 

The mean results of duplicate experiments are given in Table II. The 
results indicate that under the conditions of these experiments, exchange is 
zero within experimental error 


TABLE II 


EXPERIMENTS ON Co+t++ — Co(NHs3)6t*++ EXCHANGE 
Solutions 0.01 molar in cobalt 











. Average per cent 
Solution a agente = activity in uncomplexed 
; : cobalt 
0.5 M H2SQ, 0 5 0.08 + 0.11 
0.01 M H2SO,4 0 1.5 0.18 + 0.18 
0.5 M HSO, 20 1.5 0.08 + 0.12 
0.02 N HCIO, 0 + 0.02 + 0.19 
0.02 N HCIO, 20 0.5 0.01 + 0.18 














III. Investigation of Electron Transfer between Cot* and Co*** 


The exchange of radioactive cobalt between these two valence states can, 
in principle, occur by an electron transfer process. Studies on this process 
are complicated by the instability of the cobaltic ion in solution. Further- 
more, the separation of the cobaltous and cobaltic ions is not simple, the 
solvent extraction method not being applicable because of the rapid reduction 
of the cobaltic ion which occurs during the attempted separation. 
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The general procedure in the investigation was to dissolve an equimolar 
quantity of cobaltic sulphate in a 0.01 molar solution of radioactive cobaltous 
sulphate at 0° C. Of several separation procedures attempted, the following 
were the most satisfactory. 

When potassium nitrite is added to a solution of a cobaltous salt in the 
presence of dilute acid, there is readily formed a precipitate of potassium 
cobaltinitrite, the cobaltous ions having been oxidized to the trivalent state. 
However, a neutral solution does not form a precipitate within 10 min. at 0° C. 
A neutral solution containing cobaltic ions, on the other hand, forms a preci- 
pitate within one minute under the same conditions. No oxidation need occur 
in this latter case. This method was applied in the separation process, using 
freshly precipitated zinc hydroxide as the neutralizing agent. 

After the precipitate in neutral solution had been obtained, it was removed 
by centrifugation, and the remainder of the cobalt precipitated by the addition 
of dilute acetic acid. The cobalt from both precipitates was deposited on 
weighed copper disks and the activity determined. 

The results of duplicate experiments showed that, four minutes after mixing 
the two forms of cobalt, the specific activities of both fractions were within 5% 
of that expected if complete exchange had occurred. Thus, within the time 
required to achieve separation of the cobaltous and cobaltic ions by this preci- 
pitation method, exchange was complete within experimental error. 


A second method of separation was by chromatographic adsorption. Ignited 
aluminum oxide was found to make a satisfactory adsorption column for the 
separation of cobaltous and cobaltic ions. The blue cobaltic ions remained 
adsorbed near the top of the column while the pink cobaltous ions were 
adsorbed near the bottom and could be washed through into the filter flask. 
Owing to the decomposition of the cobaltic ions by water, the separation had 
to be achieved as rapidly as possible. Several types of column were tried, 
but the following proved most satisfactory. 

The column was prepared by pouring a slurry of alumina powder on a 
Biichner funnel placed in a filter flask. The thickness of the alumina layer 
varied between } and 1 cm. The adsorbent was packed and washed with 
water at 0° C., and then the solution containing cobaltic sulphate and radio- 
active cobaltous sulphate, both at 0.01 molar concentration, was poured 
through the column. The cobaltous sulphate was eluted by washing 
immediately with 75 ml. of 1 molar sulphuric acid which had been cooled to 
0°C. The alumina containing the adsorbed cobaltic ions was then stirred 
rapidly into a potassium iodide solution, and the liberated iodine was titrated 
with standard sodium thiosulphate solution. From the titration, the cobaltic 
content was determined. The cobalt was then extracted from the slurry and 
deposited electrolytically. Comparison of the results of the titration for 
cobaltic ion and the total cobalt deposited indicated that the separation was 


complete within the experimental error. 
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The specific activity of the cobaltic fraction was determined. The results 
of five experiments indicated that exchange was complete within 5% for times 
varying between one-half and one and one-half minutes. Exchange was 
thus virtually complete within the time required for the separation process. 


IV. Investigation of Exchange between Co(NH3)¢**+ and Co(NH3).5*** 

In ammoniacal solution, cobaltous ion is known (3) to form the hexammino 
cobaltous complex ion. Exchange between this and the radioactive hexam- 
mino cobaltic ion could conceivably occur by two different mechanisms. An 
electron transfer between the two ions would result in the appearance of acti- 
vity in the complex of divalent cobalt, while the rapid and complete establis 
ment of the equilibria 


Co®(NHs)6*++ => _—- Co*+++ + 6NH; (3) 
Co(NHs3)6t* == Cot + ONE. (4) 


accompanied by an electron transfer between the cobaltous and cobaltic ions, 
would also lead to exchange. 

Solutions 0.01 molar in radioactive hexammino cobaltic chloride and 
cobaltous chloride, and containing known concentrations of ammonia, were 
placed in sealed tubes under nitrogen to prevent oxidation of the divalent 
complex by atmospheric oxygen. After known perids of time at 25° C., the 
solutions were acidified and the divalent cobalt extracted and tested for radio- 
activity. In all cases, blank experiments were carried out, without the addi- 
tion of divalent cobalt, to determine if decomposition of the cobaltic complex 
into extractable cobalt was occurring. The results of the experiments are 
given in Table III. 

TABLE III 


EXCHANGE BETWEEN Co(NHs3)¢** AND Co(NHs3)6t** at 25°C, 











M NH; Time, hr. Apparent paronennge 
exchange 
3.6 3.5 0.19 + 0.24 
6.5 eS 0.05 + 0.13 
6.0 24.0 0.03 + 0.25 
a5 aoe 0.02 + 0.07 
6.0 336.0 Sc +O. 
6.0 408 .0 3.6 + 06.51 











Exchange is seen to be very slow, being about 6% complete at the end of a 
17 day period. The blank experiments showed that in periods of less than one 
day, less than 0.1% of the complex decomposed, while in the 17 day period 
about 1.5% of the complex decomposed. Corrections have been made for 
this decomposition in the calculation of the percentage exchange. 
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SEC. B. 
Discussion 


The slow rate of exchange between the cobaltous ion and the hexammino 
cobaltic ion in neutral solution, shown by the results of Table I, implies that 
either one or both of the processes represented by Reactions (1) and (2) are 
incompletely established under the conditions of these experiments. 

That the process represented by Reaction (1), the dissociative equilibrium 
of the hexammino cobaltic ion, would lead to such a slow rate of exchange is 
shown by the results in Table II, where no exchange could be observed between 
the cobaltic ion and the complex in periods up to five hours. Owing to the 
instability of the cobaltic ion, it was not possible to carry out these experiments 
for the long periods of time used in the exchange experiments between the 
cobaltous ion and the complex, but the results clearly demonstrate that this 
exchange is only slowly established under the conditions which could be 
investigated. 

The process represented by Reaction (2), the electron transfer between the 
uncomplexed cobaltous and cobaltic ions, has been found to be rapid when the 
two forms of cobalt are separated by precipitation of the cobaltic ion as potas- 
sium cobaltinitrite and also by chromatographic adsorption on alumina. It 
has not yet been established with certainty whether the observed exchange 
took place between the ions in solution or whether exchange was induced 
during the separation process. It was shown by a separate experiment that 
no exchange occurred between cobaltous ion and the cobaltinitrite ion when 
separation was achieved by precipitation of potassium cobaltinitrite, but there 
remains the possibility that exchange could have been induced during the 
formation of cobaltinitrite from cobaltic and nitrite ions. Also, during the 
separation by adsorption on alumina, exchange may have occurred on the 
surface of the adsorbent. Unless conditions are found where the rate of 
exchange is slow enough to be measurable, or where no catalysis is possible, 
the possibility exists that the observed exchange was induced during the 
separation process. 

The results of Table III show that the exchange between the hexammino 
complexes of divalent and trivalent cobalt by electron transfer or the equilibria 
represented by Reactions (3) and (4) is slow. These equilibrium equations, 
representing the dissociation of the complexes in solution, are those which 
were assumed to occur by Lamb and Larson (3) in their potentiometric study 
of the instability constants of these complexes. They interpreted the potential 
of an electrode immersed in an ammoniacal solution containing both of these 
complexes as due to the Co**+ — CO*** couple. The establishment of this 
potential implies an equilibrium involving an electron transfer between these 
ions on the surface of the electrode, according to the Nernst theory. The 
results reported here indicate that these equilibria are established only slowly 
in solution, at least in the absence of an electrode surface. 
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KINETIC STUDIES OF THE HYDROLYSIS OF 
CYANOGEN HALIDES! 


By A. B. VAN CLEAVE, V. C. HASKELL,? J. H. Hupson, 
AND A. M. KRISTJANSON?® 


Abstract 


The kinetics of the reaction between cvanogen chloride and water and between 
cvanogen bromide and water, catalyzed by hydrogen chloride or hydrogen 
bromide in dioxane solution, has been investigated. With stoichiometric 
proportions of cyanogen chloride and water, the reaction catalyzed by hydrogen 
chloride is of the second order, and the specific reaction rate is directly propor- 
tional to the square of the concentration of hydrogen chloride. This reaction 
was found to have zero temperature coefficient between 20° and 40°C. The 
reaction between cyanogen bromide and water, catalyzed by hydrogen bromide, 
has been shown to proceed through the formation of an unstable intermediate 
compound, which probably results from a primary reaction between cyanogen 
bromide and hydrogen bromide. The intermediate product was isolated but 
was so unstable that its identity was not satisfactorily established. The over-all 
hydrolysis reaction of cyanogen bromide has a positive temperature coefficient 
between 20° and 40°C. The catalyst in the hydrolysis of both cyanogen 
chloride and cyanogen bromide in dioxane solution appears to be molecular 
hydrogen chloride or hydrogen bromide rather than hydronium ions. 


Introduction 


Interest in the kinetics of the hydrolysis of cyanogen chloride arose from a 
study of the stability of crude cyanogen chloride by Van Cleave and Eager (9) 
and from a study of the hydrolysis and polymerization of cyanogen chloride 
by Van Cleave and Mitton (10). These authors had established that the 
hydrolysis of pure cyanogen chloride in the presence of hydrogen chloride 
proceeds quantitatively according to the equation: 


CNCI + 2H:0 — COz + NH;Cl 


but that the hydrolysis is accompanied by a polymerization reaction. It 
was not found possible to evaluate rate eonstants for the hydrolysis reaction 
from the rate of pressure increase, as the carbon dioxide formed dissolved 
appreciably in the unreacted liquid cyanogen chloride. 

The present authors have found it possible to make kinetic studies of the 
hydrolysis reaction by using dioxane as an inert solvent. Cyanogen chloride, 
cyanogen bromide, hydrogen chloride, hydrogen bromide, and water are all 
quite soluble in dioxane, whereas ammonium halides are fairly insoluble. 
Hence, in this work, attempts have been made to study the rate of the acid 
catalyzed hydrolysis of both cyanogen chloride and cyanogen bromide by 


1 Manuscript received December 13, 1948. 
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determining the amount of ammonium halide produced at various times for 
different initial concentrations of reactants and catalyst and at different 
temperatures. 


Experimental 


The Solubility of Ammonium Chloride and Ammonium Bromide in Dioxane- 
Water Mixtures 

It was first necessary to establish the limiting water concentration in 
dioxane-water mixtures above which ammonium halides become appreciably 
soluble. This was done by determining how much of a known amount of 
ammonium halide could be recovered by filtration after the salt had been 
in contact with solutions of varying dioxane—water ratios for some length of 
time at 25° or 40° C. It was found that ammonium chloride is not appreciably 
soluble in dioxane—-water mixtures containing up to 15 mole % of water at 
temperatures between 25° and 40°C. At water concentrations greater than 
15 mole %, the solubility of ammonium chloride in the mixture increases 
sharply and eventually results in the separation of the mixture into two 
liquid phases (5). 

Similar results were obtained for the solubility of ammonium bromide in 
dioxane — water — hydrogen chloride mixtures. No appreciable solubility of 
ammonium bromide was detected up to a water concentration of 0.677 molar. 
However, the solubility of ammonium bromide in dioxane — water — hydrogen 
bromide mixtures was greater and amounted to 0.0005 mole per liter in 
solutions which were 0.3 molar with respect to both water and hydrogen 
bromide at 25° C. (8). Since the initial concentration of water in some of the 
kinetic experiments was of the order of 0.3 molar, it is probable that some 
ammonium bromide escaped precipitation in the early parts of the run, 
although, as the reaction proceeds, the water is used up and the ammonium 
bromide becomes practically insoluble. In any case, the errors due to the 
loss of ammonium halides by solution in the reaction mixture are not large 
enough to introduce a gross error in the rate calculations. 


The Rate of the Reaction CNCI + 2H:0 — CO, + NH,Cl Catalyzed by Hydrogen 
Chloride in Dioxane Solution 

Since ammonium chloride proved to be practically insoluble in solutions 
containing an excess of dioxane, it was possible to follow the course of the 
reaction by filtering off the precipitate and determining the amount of halide 
ion init. Crude cyanogen chloride was purified by the method suggested by 
Douglas and Winkler (1) and the dioxane by the method of Fieser (2). 
For convenience in handling cyanogen chloride, a stock solution (1.5 to 
2.5 molar) of it in dioxane was prepared. This stock solution was frequently 
standardized as follows. Five ml. of the stock solution was pipetted into a 
100 ml. volumetric flask which contained 25 ml. of 1.5 N sodium hydroxide. 
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This solution was shaken and let stand for one-half hour to ensure that the 
hydrolysis represented by the equation 


CNCI + 20H- — OCN- + Cl- + HO 


was complete. It was then diluted to 100 ml. with water, and a 50 ml. 
aliquot removed and back-titrated with 0.5 N sulphuric acid to a phenol- 
phthalein end point. The molarity of the cyanogen chloride was calculated 
from the amount of alkali used in the hydrolysis reaction. As long as the 
stock bottle was kept tightly stoppered, the strength of the solution changed 
very slowly with time. Various standard solutions of hydrochloric acid of 
known density were used to provide the desired concentration of hydrogen 
chloride. 

The general procedure in kinetic experiments was as follows. Ten milli- 
liters of stock cyanogen chloride — dioxane solution was pipetted into a 100 ml. 
volumetric flask, which was then filled with dioxane to within about 5 ml. of 
the graduation mark. A calculated amount of standard hydrochloric acid 
was then added from a 1 ml. graduated pipette. The amount of acid solution 
to be added was determined by the amount of water required. The mixture 
was then diluted to 100 ml. with dioxane, and the flask stoppered and 
thoroughly shaken. The time of shaking was taken as zero time for the 
reaction. A number of 10 ml. samples of the reaction mixture were then 
transferred to previously prepared, clean, dry, 14 mm. diameter reaction 
tubes. These tubes were then cooled in an ice bath and their open ends sealed 
in a small flame, after which they were immersed in a constant temperature 
bath. Preliminary experiments had indicated that it was necessary to do 
these experiments in closed tubes as there was an appreciable loss of cyanogen 
chloride when rubber stoppered vessels were used. At intervals, the reaction 
tubes were opened and the contents run through a filter crucible under suction. 
Redistilled chloroform was used to wash all the ammonium halide into the 
filter crucible. The ammonium halide collected was dissolved in water and 
titrated with standard silver nitrate solution using dichlorofluorescein as an 
indicator. 


The rate of the hydrolysis reaction was studied under three quite different 
ratios of the concentration of cyanogen chloride to water, as follows. 


(a) Cyanogen Chloride and Water in Stoichiometric Proportions 

Experiments were carried out with cyanogen chloride and water in stoichio- 
metric proportions with varying concentrations of hydrogen chloride at 
temperatures of 20°, 30°, and 40°C. The reaction was found to be homo- 
geneous in that the rate was not affected by increasing the glass surface or by 
adding additional amounts of solid ammonium chloride. Light had no effect 
on the rate of the reaction. By trial it was found, at least in the initial stages 
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of the reaction, that the results fitted a second order reaction rate curve as is 
1 
a-x 
centration of cyanogen chloride; x = amount of cyanogen chloride reacted 





illustrated for a typical experiment in Fig. 1, where (a = initial con- 
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Fic. 1. vs. time in minutes for hydrolysis of cyanogen chloride at 20° C. 


a-x 


Cyanogen chloride and water in stoichiometric proportions 
a = initial concentration of cyanogen chloride, 

x = amount of cyanogen chloride reacted in time ‘t’, 
Catalyst — Hydrogen chloride. 


at time ¢, both in terms of their equivalent volume of standard silver nitrate 
solution) is plotted vs. the time ¢. Second order reaction rate constants were 
calculated from the slopes of such plots. A summary of the results obtained 
is given in Table I. 

The dependence of the specific reaction rate for stoichiometric proportions 
of reactants on the concentration of the catalyst, hydrogen chloride, is shown 
by Fig. 2, where the rate constants at 20°, 30°, and 40° C. are plotted against 
the square of the molar concentration of hydrogen chloride. It was found 
by trial that such plots gave practically straight line relations. It was rather 
surprising to find that although the rate of the reaction was markedly affected 
by the concentration of hydrogen chloride, it was not appreciably changed 
when the temperature was varied from 20° to 40° C., that is, the reaction had 
practically a zero temperature coefficient. 
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TABLE I 
SECOND ORDER SPECIFIC REACTION RATE FOR REACTANTS IN STOICHIOMETRIC PROPORTIONS 


Catalyst: Hydrogen chloride 

















| ] 
Initial conc. of Initial conc. of Specific reaction 
Temp., °C. | CNCI, HC rate k, 
| moles/liter moles/liter | liters mole min.~! 
20 | 0.3162 0.0393 | 3.77 X 10-4 
| 0.1932 0.0476 | 5.29 x 1074 
0.3162 0.0784 | 1.64 X 1073 
| 0.1932 0.0799 | 1.57 X 107 
| 0.2038 0.1166 3.21 X 1073 
| 0.3162 0.1317 | 4.81 xX 10-3 
0.2415 0.1380 | 4.11 x 
| 0.2898 0.1657 | 6.65 X 10-3 
| 0.3162 0.1810 | 8.56 X 10-3 
30 | 0.1916 0.0473 4.28 x 10- 
| 0.1916 0.0799 | 1.44 X 1073 
0.1916 0.1093 3.04 X 10-3 
| 0.2230 0.1276 3.97 X 1073 
0.2676 0.1528 | 6.53 X 1073 
| 0.3568 0.2040 1.03 X 10% 
40 0.2357 0.0580 7.88 X 10-4 
0.2401 0.0978 | 2.70 X 10-3 
| 0.2401 0.1371 | 4.48 X 1073 





Another method of determining the apparent order of a reaction is to 
determine the times, /; and f, for definite fractions to react, starting with 
different initial concentrations, a; and a2. Using the time of half reaction 
for initial cyanogen chloride concentrations differing by 100%, but having 
the same initial concentration of hydrogen chloride, the reaction appeared to 


have an over-all order of approximately 2. 


(b) Cyanogen Chloride in Excess of Stoichiometric Proportions 

To determine the apparent order of the reaction with respect to the con- 
centration of water, experiments were performed in which the initial amount 
of cyanogen chloride was about eight times that required to react with 
all of the water, so that the concentration of cyanogen chloride could be 
considered practically constant throughout the course of the reaction. 
Actually, when the concentration of water had undergone about a 40% 
change, the cyanogen chloride concentration had changed by about 5%. 
Measurements were therefore restricted to the first third of the reaction. 
The experimental procedure was the same as that outlined above. Again it 


p 1 i , 
was found that when the function pg (where a = the initial concentration 


of water and x = amount of water reacted at time ¢, both in terms of milli- 
liters of standard silver nitrate solution) was plotted against the time f, 
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Fic. 2. Dependence of specific reaction rate on the concentration of hydrogen chloride. 
y } yf hydrog 


Cyanogen chloride and water in stoichiometric proportions 
© Experiments at 20° C. 
@ Experiments at 30° C. 
A Experiments at 40° C. 


reasonably straight lines were obtained, at least in the initial stages of the 
reaction. Second order specific reaction rates were calculated from the 
slopes of such plots. The results are summarized in Table II. 

The dependence of the second order specific reaction rate k on the con- 
centration of hydrogen chloride is shown in Fig. 3. Again it was found that 
within experimental error, a plot of k vs. the square of the hydrogen chloride 
concentration gave a straight line, regardless of the temperature. That is, 
there was no evidence for a temperature coefficient. This is in contrast to 
the results of Van Cleave and Mitton (10), who found the hydrolysis of 
cyanogen chloride in the absence of dioxane to possess a definite positive 
temperature coefficient. 

Using the times for one-third of the water to react for initial concentrations 
of water differing by 100% also indicated that the reaction was apparently 
second order with respect to water when cyanogen chloride was present in 
excess. 
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TABLE II 
SECOND ORDER SPECIFIC REACTION RATE WITH CYANOGEN CHLORIDE IN EXCESS 


Initial conc. of water in all cases = 0.317 mole/liter 











Initial conc. of Specific reaction 
Temperature, ° C. CNC, Conc. of HCI, rate k, 
moles/liter moles/liter liters mole! min.“ 

20 1.291 0.0184 6.13 < 10 
0.0284 1.60 * 1073 
0.0390 3.52  10°° 
0.0550 7.43 X% 10°° 
0.0660 1.20 < 1? 

30 115% 0.0184 5.66 X 10-4 
0.0284 1.26 XK 10° 
0.0390 2.84 X 1073 
0.0550 4.95 X 1073 4 
0.0660 7.66 X 1073 q 

40 1.291 0.0390 2.47 X 10-3 
0.0660 8.44 X 1073 














(c) Water in Excess of Stoichiometric Proportions 


Attempts were made to study the rate of the reaction in the presence of 
excess water. In this case, a different experimental procedure had to be used, 
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as the ammonium chloride formed dissolved in the water. A number of 
different methods of determining the extent of the reaction were tried but none 
of them proved satisfactory. Methods tried were: 


(1) Determination of NH,* by the conventional method of adding excess 
sodium hydroxide and distilling the ammonia into standard acid. This 
method failed because cyanogen chloride itself reacted in basic solution to 
give a cyanate which hydrolyzed further to produce ammonia. 


(2) Determination of NH,* gravimetrically by precipitation as the chloro- 
platinate. The salt proved too soluble in aqueous solutions of cyanogen 
chloride to make the method useful. 


(3) Volumetric determination of chloride by titration with standard silver 
nitrate solution, a correction being applied for the known amount of hydrogen 
chloride present. Difficulty was experienced in obtaining a satisfactory end 
point and tests indicated that this was probably due to slow reaction of 
cyanogen chloride with silver nitrate to give silver chloride. This is in accord 
with the observations of Zappi (12), but at variance with the experience of 
Douglas and Winkler (1). 


(4) Determination of the cyanogen chloride concentration using the method 
previously described for standardizing cyanogen chloride — dioxane solutions. 
A number of experiments were carried out with cyanogen chloride in aqueous 
solution at various concentrations of hydrogen chloride. With an initial 
concentration of cyanogen chloride of 0.255 mole per liter and hydrogen 
chloride concentration of 1.5 moles per liter, the reaction was found to be 
very slow, and the results of analyses in both sealed and stoppered vessels 
were so erratic that they were of little value in determining the rate of the 
reaction. 


As yet the authors have not succeeded in developing a satisfactory method 
of following the course of the acid catalyzed hydrolysis of cyanogen chloride 
in aqueous solution. It does appear, however, that the rate of the reaction 
for equal concentrations of hydrogen chloride is much less in the presence of 
excess water than it is when there is a large excess of dioxane present. This 
suggests that the effective catalyst is probably molecular hydrogen chloride 
rather than hydronium ions. Krieble and Peiker (7), in studying the 
hydrolysis of hydrogen cyanide in the presence of hydrogen chloride, also 
concluded that the effective catalyst was undissociated hydrogen chloride. 


The Rate of the Reaction CNBr + 2H,0 — CO: + NH;Br Catalyzed by Hydrogen 
Chloride and Hydrogen Bromide in Dioxane Solution 

A systematic study of the factors affecting the rate of the hydrolysis of 

cyanogen bromide, catalyzed by hydrogen halides in dioxane solution, was 

undertaken to see if the reaction was similar to that undergone by cyanogen 

chloride. 
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Cyanogen bromide was prepared and purified’ (4) and a stock solution of it 
(approximately 1 molar) in dioxane was standardized by an iodometric 
method. Unlike cyanogen chloride, cyanogen bromide liberates iodine 
quantitatively from an iodide in acid solution and can therefore be conveni- 
ently determined by this method. A constant boiling mixture of aqueous 
hydrogen bromide was used as catalyst in some experiments, while in others a 
standardized solution of gaseous hydrogen bromide in dioxane was used. 

It was necessary to determine that the over-all hydrolysis of cyanogen 
bromide proceeds in a manner analogous to that of cyanogen chloride to 
produce an ammonium halide and carbon dioxide. It is known that cyanogen 
bromide reacts slowly with water to give hydrobromic and cyanic acids (11), 
and that cvanic acid reacts with water to give ammonia and carbon dioxide, 
thus giving an over-all reaction represented by 


CNBr + 2H:O0 —> NH,Br os CO. 


if it occurs in an acid medium. The completeness of this reaction was 
determined by placing a known amount of cyanogen bromide and hydrogen 
bromide in a reaction vessel with sufficient water for the reaction to go to 
completion. The amount of ammonium halide formed indicated that the 
reaction was virtually complete as written above. 

In preliminary experiments it was found that the reaction in aqueous 
solution, even with a concentration of hydrogen chloride as high as 1.2 molar, 
was too slow to be practicable for kinetic studies. However, in dioxane 
solutions with initial concentrations of water from 0.1 to 0.4 molar, the 
reaction proceeded at an appreciable rate using either hydrogen chloride or 


hydrogen bromide as a catalyst. 


The general procedure followed was similar to that described above for 
cyanogen chloride except that the filtrate, after removal of the ammonium 
halide, was retained and the amount of unreacted cyanogen bromide deter- 
mined iodometrically. In this way, the amount of halide formed and the 
amount of cyanogen bromide reacted at any time were simultaneously deter- 
mined. The reaction appeared to be homogeneous, as its rate was not affected 
by increasing the glass surface or by the addition of solid ammonium halides. 


All the experiments showed the same general characteristics. In the initial 
stages of the reaction, the concentration of cyanogen bromide decreased more 
rapidly than the amount of ammonium halide increased, and it was only 
after the reaction had been in progress for a considerable time that the total 
moles of unreacted cyanogen bromide plus the moles of ammonium halide 
formed began to approach the initial number of moles of cyanogen bromide 
present. This is a good indication that an unstable intermediate product was 
formed. If it is assumed that the concentration of the intermediate product 
is equal to the difference between the sum of the unreacted cyanogen bromide 
plus the ammonium halide formed and the original concentration of cyanogen 
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bromide, a curve for the concentration of the intermediate vs. time can be 
constructed. Fig. 4 shows the results of a typical experiment, the dotted 
line representing the theoretical concentration of the intermediate product. 
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Fic. 4. Variation of the concentration of cyanogen bromide, ammonium halide, and 
intermediate compound with time. 


© Concentration of CNBr, 
@ Concentration of NH;X, 
A Concentration of intermediate compound. 


In dioxane solution, hydrogen chloride proved to be a much better catalyst 
than hydrogen bromide for equal molar concentrations. These relative 
catalytic effects are in agreement with those of Krieble and McNally (6) on 
the acid catalyzed hydrolysis of hydrogen cyanide. The decrease of catalytic 
activity of hydrogen chloride in aqueous solution indicates that the catalytic 
agent is probably molecular hydrogen chloride rather than hydronium ions. 
Also, since hydrochloric and hydrobromic acids have approximately the same 
hydronium ion concentration at the same molarity, it seems certain that the 
principal catalyst is not hydronium ions. That the effective catalyst is 
molecular hydrogen chloride or hydrogen bromide is also supported by the 
fact that the rate of disappearance of cyanogen bromide for a given catalyst 
concentration decreased as the amount of water initially present in the dioxane 
solution was increased. This fact introduced a fundamental difficulty into 
the kinetic studies, as the effective concentration of the catalyst was influenced 
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by the amount of water present. A similar circumstance has been noted by 
Hantzsch (3), who found that the catalytic activity of sulphuric acid for the 
conversion of nitriles to acid amides was greatly decreased by increasing the 
water content. 

The variation of the catalytic effect with increasing concentration of acid 
is shown by the results in Table III for experiments at 25° C. with approxi- 
mately the same initial concentrations of cyanogen bromide and water. The 


TABLE III 


VARIATION OF THE TIME OF HALF REACTION OF CYANOGEN BROMIDE WITH THE INITIAL 
CONCENTRATION OF HYDROGEN BROMIDE AT 25°C. 











Initial conc. of Initial conc. of Initial conc. of 
CNBr, H.0, HBr, 4 min. 
moles/liter moles/liter moles/liter 
0.1513 0.300 0.0500 16,000 
0.1502 0.300 0.1000 2,440 
0.1459 0.300 0.1500 1,400 
0.1410 0.300 0.2000 710 














time for half the initial cyanogen bromide to react was determined by plotting 
the cyanogen bromide concentration vs. the time and drawing a smooth curve 
through the experimental points. 


Assuming that the decrease in the cyanogen bromide concentration is due 
to a reaction between cyanogen bromide and hydrogen bromide, the large 
increase in the rate of the reaction, observed by doubling the concentration 
of hydrogen bromide, would mean that the rate depends on the concentration 
of hydrogen bromide to some power greater than 1, or, that the measured 
molar concentration of hydrogen bromide is not the same as its effective 
concentration. The amount of molecular hydrogen bromide in solution at 
any time is determined by the amount of water present and the ionization 
constant of the acid. If the initial step in the hydrolysis is a reaction between 
cyanogen bromide and molecular hydrogen bromide, the rate of disappearance 
of cyanogen bromide would be expected to decrease with increasing initial 
concentration of water for constant amounts of hydrogen bromide, and to 
increase with increased concentration of hydrogen bromide at a constant 
concentration of water, as was observed in these experiments. 

When the rate of decrease of the cyanogen bromide concentration or the 
rate of increase of ammonium halide was investigated, it was evident that the 
apparent order of the reaction changed as the reaction proceeded. This is 
another indication that a number of consecutive reactions are involved before 
the final products are produced. However, it was observed that the initial 
rate of disappearance of cyanogen bromide (i.e., up to about one-third reaction) 
followed a second order kinetic law when it was assumed that the initial 
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reaction was one between cyanogen bromide and hydrogen bromide. This is 
‘ it a dak ; b(a-—x 

illustrated in Fig. 5 where the function log ea} 
typical éxperiments at 25° and 35° C. (a is the initial concentration of cyanogen 


is plotted against time for 
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Fic. 5. Log aoc a vs. time in minutes for initial stage of reaction between cyanogen 


bromide and hydrogen bromide in dioxane. 


© Experiments at 25° C. 
@ Experiments at 35° C. 


bromide and 0 is the initial concentration of hydrogen bromide; a — x is the 
concentration of cyanogen bromide at time ¢ and b — x is the concentration 
of hydrogen bromide at time ¢ on the assumption that hydrogen bromide is 
used up at the same rate as the cyanogen bromide.) The initial concentration 
of water in these experiments was the same at approximately twice the molar 
concentration of cyanogen bromide. One would not expect the reaction to 
continue to follow a second order law beyond the initial stages, as the hydrogen 
bromide must be regenerated in subsequent steps, and the concentration 
of molecular hydrogen bromide also changes as the water in the reaction 
mixture is used up. 

Attempts were made to study the over-all order of the reaction with respect 
to the concentration of cyanogen bromide by keeping the initial concentrations 
of water and acid catalyst constant while varying that of cyanogen bromide, 
but rather inconsistent results were obtained. However, when the initial 
concentrations of cyanogen bromide and water were maintained constant 
while that of the hydrogen bromide was varied, the results indicated the 
over-all reaction to be second order with respect to the concentration of 
hydrogen bromide. This result is in agreement with the observed effect of 
hydrogen chloride concentration on the rate of hydrolysis of cyanogen 
chloride. 
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It is evident from Fig. 5 that the rate at which cyanogen bromide dis- 
appeared in these experiments was definitely increased when the temperature 
was raised from 25° to 35°C. This is in marked contrast to the experiments 
with cyanogen chloride where no temperature coefficient was found. When 
second order specific reaction rates were calculated from the slopes of the lines 
in Fig. 5 and substituted into the Arrhenius equation, an apparent activation 
energy of 8400 cal. per mole was obtained for the proposed initial step of the 
reaction. 


Interfering Side Reactions 

When a hydrogen bromide — dioxane solution was added to a solution of 
cyanogen bromide in dioxane, a light yellow color developed almost immedi- 
ately. When hydrogen chloride was added to cyanogen bromide in dioxane, 
a similar yellow color developed in about 10 min. The yellow color was 
apparently caused by the formation of some free bromine, as it could be 
extracted with either carbon tetrachloride or carbon disulphide, and the color 
in the carbon tetrachloride layer could be discharged by the addition of a few 
drops of amylene. A small concentration of bromine could possibly arise 
from the establishment of the equilibrium 


HBr + CNBr = Br. + HCN. 


In experiments which were allowed to proceed until virtually all of the 
cyanogen bromide was hydrolyzed, the yellow color finally disappeared, as 
would be expected if the above equilibrium had been established. There was 
no evidence that the amount of bromine produced was appreciable, hence the 
effect of this side reaction was not considered to be important. 


Possible reactions between cyanogen bromide and dioxane and between 
hydrogen bromide and dioxane were considered. It was found that solutions 
of cyanogen bromide in dioxane were stable over long periods of time, but that 
solutions of dry hydrogen bromide in dioxane showed a steady decrease. of 
hydrogen bromide with time even when the container was tightly stoppered. 
However, when water was present in amounts comparable to those used in the 
hydrolysis experiments, the rate of disappearance of hydrogen bromide was 
much slower and probably was not rapid enough to seriously affect its con- 
centration during the course of a hydrolysis experiment. It would be desir- 
able, however, to investigate further the reaction between hydrogen bromide 
and dioxane. 


Intermediate Products in the Hydrolysis of Cyanogen Bromide and Cyanogen 
Chloride 


Kinetic studies on the hydrolysis of cyanogen bromide catalyzed by 
hydrogen chloride or hydrogen bromide indicated that an unstable inter- 
mediate product was formed, probably as a result of a primary reaction 
between cyanogen bromide and the hydrogen halide. Hence, attempts were 
made to prepare and isolate possible intermediate compounds. 
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Ina preliminary experiment, 100 ml. of hydrogen bromide — dioxane solution 
(1 molar) was added to 40 ml. of cyanogen bromide — dioxane solution (2.5 
molar) in a glass stoppered bottle. The mixture immediately turned a deep 
orange-brown color and the contents of the bottle became warm. On cooling 
and shaking, a solid began to settle out. The solid was removed by filtration 
under suction and washed with dioxane. The product was a light yellow, 
feathery solid which fumed strongly on exposure to moist air. It melted at 
98° C. and dissolved readily in water, with the evolution of a gas, to give an 
acidic solution with a strong odor of cyanogen bromide. It was soluble in 
excess dioxane, giving a yellow colored solution. When additional dioxane 
containing a small amount of water was added to a solution of the product in 
dioxane, a white solid precipitated out slowly. This solid proved to be 
ammonium bromide. 

Systematic experiments were carried out in an attempt to isolate and 
analyze any possible compounds that might be formed between hydrogen 
halides and cyanogen halides. In these experiments, the gaseous hydrogen 
halide was passed over phosphorus pentoxide into the pure liquid cyanogen 
halide or the cyanogen halide in various solvents. Table IV is a summary of 
the results obtained. 


TABLE IV 


THE FORMATION OF COMPOUNDS BETWEEN HYDROGEN HALIDES AND CYANOGEN HALIDES 











Hydrogen halide Cyanogen halide Result 

HCl CNCI (liquid) Polymerization of CNCI 

HBr CNBr (liquid) Polymerization of CNBr 

HCl CNCI in dioxane Light yellow colored solution, no precipitate 

HBr CNCI in dioxane Reddish-orange colored solution, light yellow 
colored precipitate formed 

HCl CNBr in dioxane Reddish-orange colored solution, no precipitate 

HBr CNBr in dioxane Reddish-orange colored solution, light yellow 
colored precipitate—not polymer 

HBr CNBr in benzene Orange colored solution, white precipitate 

HBr CNBr in carbon Reddish-orange colored solution, precipitate 

tetrachloride formed 











Except in the cases where the cyanogen halide polymerized, the solid 
products proved to be rather unstable, and no successful analyses were 
obtained. When attempts were made to dry the compound formed between 
hydrogen bromide and cyanogen bromide by maintaining it in a vacuum 
desiccator under reduced pressure, it was found that the nitrogen analysis 
(Kjeldahl) varied with the length of the aspiration period, showing a steady 
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increase from about 6% (one hour aspiration) to 13.4% (48 hr. aspiration). 
The melting point of the substance increased with drying up to a maximum of 
105° C. and then decreased to 67° C. as the nitrogen content increased. The 
product seemed to gradually revert to cyanogen bromide (13.2% nitrogen, 
melting point 52° C.). 

Similar analyses were done on the product formed by the action of hydrogen 
bromide on cyanogen chloride in dioxane and the results were much the same. 
The melting point was initially about 105° C. but it declined with continuous 
aspiration while the nitrogen percentage increased. This product closely 
resembled that formed between hydrogen bromide and cyanogen bromide 
in dioxane in appearance, smell, and reactions, but it is not certain that they 
were the same. 

The products formed between hydrogen bromide and cyanogen bromide in 
benzene and carbon tetrachloride did not appear to be the same as that formed 
in dioxane solution. 

There is no doubt that compounds between hydrogen bromide and cyanogen 
bromide and between hydrogen chloride and cyanogen bromide are formed in 
dioxane solution, but considerably more work will have to be done before 
these unstable products can be identified. 


Discussion 


This work strongly indicates that the catalytic effect of hydrogen chloride 
or hydrogen bromide on the rate of hydrolysis of cyanogen chloride or cyanogen 
bromide in dioxane solution is not due to hydronium ions but rather to the 
molecular hydrogen halide. At least in the case of the hydrolysis of cyanogen 
bromide in dioxane it has been fairly definitely established that the primary 
reaction is the formation of a compound between cyanogen bromide and the 
hydrogen halide. However, the possibility that the solvent is part of these 
compounds has not been excluded. 

No definite evidence for the formation of a compound between hydrogen 
chloride and cyanogen chloride in dioxane solution was obtained, but this 
may be because such an intermediate is even less stable than that formed 
between cyanogen bromide and hydrogen bromide. In an investigation of the 
mechanism of the conversion of nitriles to acid amides, Hantzsch (3) prepared 
several compounds of the type RCN .~HX. While none of these compounds 
was very stable, he found that the hydrochlorides were the least stable, while 
the hydroiodides were the most stable. He also found that the solvent had 
some influence on the type of compound that was formed, as was noted in the 
present work. It appears, then, that it is not unreasonable to suppose that 
a compound between hydrogen chloride and cyanogen chloride might not be 
as stable as one formed between hydrogen bromide and cyanogen bromide. 
The fact that hydrogen chloride was observed to have a greater accelerating 
effect than hydrogen bromide on the rate of the over-all hydrolysis of cyanogen 
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bromide may be taken as a further indication that intermediate hydrochlorides 
are less stable than hydrobromides, that is, the hydrochloride intermediates 
react more rapidly with water. 

Assuming that the initial step in the hydrolysis of cyanogen chloride is a 
reaction between cyanogen chloride and hydrogen chloride, the kinetic 
experiments indicate that this initial reaction is probably not a simple bimolec- 
ular process, that is, probably more than one molecule of hydrogen chloride 
is involved in the intermediate. The subsequent reaction of the intermediate 
with water to form ammonium chloride and carbon dioxide is probably more 
rapid than the initial intermediate forming reaction or reactions. 

A suggested explanation for the absence of a temperature coefficient in the 
cyanogen chloride reaction is that there is an equilibrium established between 
the intermediate product and the original reactant. If this intermediate 
product were to become less stable with increasing temperature, dissociating 
into its reactants, then the decrease in its concentration might be sufficient 
to balance the normal increase of the rate of its reaction to give the final 
products. 


The authors do not feel justified in proposing detailed mechanisms for the 
reactions investigated as the systems are obviously very complex and the 
identity of the intermediate compounds has not been established. 
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ETUDE DE LA SYNTHESE DE LA PROLINE PAR CYCLISATION 
D’UN ACIDE VALERIANIQUE DIHALOGENE' 


PAR ROGER GAUDRY ET LOUIS BERLINGUET 


Résumé 


Les acides a,6-dibromovalérianique, a-bromo-6-chlorovalérianique, a-chloro- 
6-bromovalérianique et a,6-dichlorovalérianique ont été préparés dans le but de 
les cycliser par l’ammoniaque, pour obtenir la proline. Ils ont été synthétisés a 
partir du 6-chlorovaléronitrile ou de l’aldéhyde 6-hydroxyvalérianique. L’hy- 
drolyse alcaline du 6-chlorovaléronitrile a donné l’acide 6-hydroxyvalérianique, 
qui a aussi été obtenu par oxydation de l’aldéhyde 6-hydroxyvalérianique. 
L’acide 6-hydroxyvalérianique a été traité par l’acide bromhydrique pour donner 
acide 6-bromovalérianique, qui a été bromé ou chloré en position alpha. 
L’hydrolyse acide du 6-chlorovaléronitrile a donné l’acide 6-chlorovalérianique, 
qui a aussi été bromé ou chloré en position alpha. Les cyclisations des acides 
a-bromo-6-chlorovalérianique, @, 6-dibromovalérianique, @, 6-dichlorovalérianique 
et a-chloro-6-bromovalérianique effectuées 4 une température de 70°.C. ont 
donné respectivement des rendements de 40%, 25%, 25% et 10% en proline, 
isolée sous forme de sel de cuivre. Une température plus élevée pour la cyclisation 
ne donne pas d’augmentation appréciable des rendements. 


Introduction 


Willstatter a synthétisé la proline (XI) pour la premiére fois, en cyclisant 
l’ester éthylique de l’acide a-carbéthoxy-a@,6-dibromovalérianique par l’ammo- 
niaque (12). Plusieurs autres synthéses ont depuis été réalisées. Cependant, 
aucune ne semble satisfaisante, soit 4 cause de difficultés de manipulations, 
soit 4 cause des faibles rendements obtenus ou de la difficulté de se procurer 
les produits de départ. 


Plusieurs auteurs, en particulier Fischer (3) et Suzuki (4), Frankel (6) et 
Willstatter (13) ont repris la cyclisation de dérivés de l’acide a,6-dibromo- 
valérianique, et ont obtenu la proline avec des rendements de l’ordre de 20 a 
40%. Récemment, Paul a réalisé la méme synthése en se servant de |’ester 
méthylique de l’acide a,6-dichlorovalérianique (10), mais sans mentionner de 
rendement. II en a aussi préparé l’amide, mais il ne semble pas avoir obtenu 
l’acide libre. 


Nous avons pensé qu'il serait intéressant d’étudier de fagon systématique 
la cyclisation des acides dihalogénés libres, pour savoir si la cyclisation d’acides 
dihalogénés autres que l’acide a,6-dibromovalérianique peut donner des 
rendements supérieurs 4 ceux obtenus par Willstatter. Dans ce but, nous 
avons préparé les quatres acides dihalogénés suivants: a,6-dibromovaléria- 
nique (VII), a-bromo-6-chlorovalérianique (IX), @,6-dichlorovalérianique (X) 
et a-chloro-6-bromovalérianique (VIII). A notre connaissance, seul l’acide, 
a,6-bromovalérianique (VII) était déja décrit dans la littérature (1, 4, 9, 10, 

1 Manuscrit recu le 28 décembre 1948. 


Contribution du Département de Biochimie de la Faculté de médecine, Université Laval, 
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12). Willstatter l’avait préparé en condensant le malonate d’éthyle avec le 
bromure de triméthyléne (12). Mais cette condensation ne se fait qu’avec 
un faible rendement. Récemment, Fling et al. l’ont obtenu avec un rendement 
de 10% a partir de la cyclopentanone (5). Paul n’a obtenu que 40% d’acide 
dibromovalérianique (VII) par ouverture de l’acide tétrahydropyromucique 
au moyen de l’acide bromhydrique (10). Ces rendements peu élevés nous 
ont incités a préparer l’acide dibromovalérianique (VII) en partant de produits 
plus facilement accessibles, comme |’aldéhyde 6-hydroxyvalérianique (IV) et 
le 6-chlorovaléronitrile (II). 

Par hydrolyse acide du 6-chlorovaléronitrile (II), nous avons obtenu 
l’acide 6-chlorovalérianique (III) avec un rendement de 73%. L’addition 
de brome, en présence de phosphore, d’aprés la méthode de Merchant (9) 
nous a donné l’acide a-bromo-6-chlorovalérianique (IX) avec 93% de rende- 
ment. En substituant le chlore au brome, nous avons obtenu I’acide a,6-di- 
chlorovalérianique (X) avec des rendements variant de 83% a 88%. 


L’emploi de chlorure de sulfuryle comme agent de chloruration, en présence 
de trichlorure de phosphore, avec irradiation du mélange au moyen d’une 
lampe a vapeur de mercure, a donné aussi l’acide a,6-dichlorovalérianique (X), 
bien qu’avec un rendement de 72%. _ L’action directe du chlorure de sulfuryle 
sur le 6-chlorovaléronitrile (II), suivie d’hydrolyse, a donné un mélange de 
38% d’acide a,6-dichlorovalérianique (X) et de 27% d’acide 6-chlorovaléria- 
nique (III). Ces rendements indiquent que la molécule de l’acide 6-chlorovalé- 
rianique est relativement inerte vis-a-vis le chlorure de sulfuryle, mais il 
demeure possible qu’une activation plus efficace ou plus prolongée permette 
d’améliorer le rendement. 


Par hydrolyse alcaline du 6-chlorovaléronitrile (II), nous avons obtenu 
84% d’acide 6-hydroxyvalérianique (V). Nous avons aussi préparé cet acide 
par oxydation de la 6-hydroxyvaléraldéhyde (IV) au moyen du permanganate 
de potassium en milieu alcalin. 


Nous avons alors traité l’acide 6-hydroxyvalérianique (V) par l’acide 
bromhydrique 4 48% et nous avons obtenu I’acide 6-bromovalérianique (VI) 
avec 53% de rendement. La bromuration et la chloruration en @ nous ont 
donné respectivement 87% d’acide a,6-dibromovalérianique (VII) et 82% 
d’acide a-chloro-6-bromovalérianique (VIII). 


Les quatre acides dihalogénés ont été cyclisés en proline (XI) par chauffage 
sous pression avec un excés d’ammoniaque concentrée 4 70° C. pendant 48 h., 
ainsi qu’a 130° C. pendant une heure. 

On trouvera dans le tableau I, les rendements en proline obtenus dans 
chaque cas. 

Il est remarquable de constater que les meilleurs rendements ont été obtenus 
a partir de l’acide a-bromo-6-chlorovalérianique, tandis que l’acide a-chloro- 
6-bromovalérianique n’a donné qu’un trés mauvais rendement en proline. 
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TABLEAU I 








% d’halogénes | % de proline 
Calc. | Trouvé| 70°C. | 130°C. 





Acide dihalogéné Pe. SE. no 





a, 6-Dibromovalérianique* 168-172 (14 mm.) | 1.535 61.5 60.0 | 23-25 | 23-25 
a-Chloro-6-bromovalérianique | 170-175 (21 mm.) | 1.515 53.6 53.9 8-12 | 10-15 
a-Bromo-6-chlorovalérianique |. 165-170 (17 mm.) | 1.515 53.6 52.0 | 38-42 |; 40-45 
a, 6-Dichlorovalérianique 160-162 (21 mm.) | 1.488 41.5 40.8 | 21-25 | 21-25 























* Références (1, 4, 9, 10, 12). 


Comme on pouvait le prévoir, les acides dibromo et dichlorovalérianiques ont 
donné a peu prés le méme rendement, nettement inférieur toutefois a celui 
obtenu a partir de l’acide a-bromo-6-chlorovalérianique. 

De plus, il ne semble pas y avoir avantage a effectuer cette cyclisation 4 une 
température trés élevée. Les rendements obtenus 4 130°C. n’ont jamais 
été notablement supérieurs et ont parfois été légérement inférieurs 4 ceux 
obtenus 4 70°C. Quelques essais’effectués 4 160°C. n’ont pas non plus 
permis d’améliorer les rendements, quelle qu’ait été la durée du chauffage. 


Ces résultats indiquent que l’atome d’halogéne le plus facilement substitu- 
able doit étre en position alpha, pour que la.cyclisation donne un rendement: 
convenable. Par contre, lorsque l’atome d’halogéne le plus actif est placé 
en position delta, les rendements en proline sont trés mauvais. Et lorsque 
les deux atomes d’halogénes sont identiques dans la méme molécule, les rende- 
ments sont sensiblement les mémes, quel que soit |’halogéne. 


Il semble donc que |’on doive s’attendre 4 obtenir un meilleur rendement 
en proline par cyclisation de l’acide a@-amino-6-chloro ou 6-bromovalérianique, 
que par cyclisation de l’acide 6-amino-a-chloro ou a-bromovalérianique. 


Cette hypothése est déja en partie confirmée par les résultats antérieurs de 
Fischer (3) qui n’a obtenu qu’un rendement de 23% en proline a partir de l’ester 
éthylique de l’acide a-carbéthoxy-a-bromo-6-phtalimidovalérianique, tandis 
que Gaudry (8) a obtenu 35% de proline a partir de l’acide a-amino-6-hydroxy- 
valérianique par l’intermédiaire de l’acide a-amino-6-bromovalérianique. De 
plus, Sérensen et Andersen (11) prétendent avoir obtenu un rendement trés 
élevé en proline a partir de l’ester éthylique de l’acide a-carbéthoxy-a- 
phtalimido-6-bromovalérianique. 

Une étude préliminaire a été entreprise dans le but de déterminer la nature 
des résidus de cyclisation. Ces résidus donnent des sels de cuivre trés solubles 
dans |’eau, solubles dans I’alcool, non cristallisables, avec une teneur en azote 
presque identique au sel de cuivre de la proline. Ils donnent aussi avec un 
excés d’acide picrique une masse cristalline assez soluble dans l’eau froide et 
se décomposant vers 210° C. 


Comme ces résidus ne semblent contenir aucune trace d’ornithine, ainsi 
que le démontre la solubilité des picrates, il est donc probable qu’ils sont 
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formés d’acides aminés complexes renfermant deux restes d’acide valérianique 


ou plus par molécule. 

















(IV) HO-(CH:2),-CHO Cl-(CH2).-Cl (I) 
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Partie expérimentale 


Acide 6-chlorovalérianique (III) 

Dans un ballon d’un litre, on place 117.5 g. de 6-chlorovaléronitrile (1.0 
mole), 200 ml. d’acide chlorhydrique, 200 ml. d’acide formique et 200 ml. 
d’eau distillée. On fait bouillir le mélange 4 reflux pendant quatre heures. 
Aprés refroidissement, on extrait a l’éther, on séche la solution éthérée sur 
du sulfate de sodium anhydre, on évapore |’éther et on se débarrasse des sels 
résiduels en filtrant A succion. Par distillation dans le vide, on obtient l’acide 
6-chlorovalérianique. Rendement: 100.0 g., 73.3%. P. é. 138° a 140°C. 
410 mm. Litt.: 141° A 149°C. 412 mm. (1). Indice de réfraction: n? 
1.458. Calculé pour CsH,O.Cl: Cl, 25.9%. Trouvé: Cl, 25.5%. 


Acide a-bromo-6-chlorovalérianique (IX) 

Dans un ballon muni d’un réfrigérant, on place 54.6 g. d’acide 6-chloro- 
valérianique (0.4 mole), 1.5 g. de phosphore rouge et 80 g. de brome liquide 
(1.0 mole). On chauffe le ballon au bain-marie 4 environ 75° C. pendant 
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seize heures. Puis on porte la température du bain-marie 4 100° C. durant 
une heure, pour se débarrasser de l’acide bromhydrique. Par distillation dans 
le vide, on obtient l’acide a-bromo-6-chlorovalérianique. Rendement: 80.1 
g., 93%. P. é 165° 2 170°C. 417 mm. Indice de réfraction: n7? 1.515. 
Calculé pour C;H;,O2CIBr: Cl, Br, 53.6%. Trouvé: Cl, Br, 52.0%. 


Acide a,6-dichlorovalérianique (X) 

_(a) Chloruration de l’acide 6-chlorovalérianique au moyen du chlore 

On place 68.5 g. d’acide 6-chlorovalérianique en présence de 4.0 g. de 
trichlorure de phosphore, dans une grande éprouvette maintenue a une tem- 
pérature de 150° C. au moyen d’un bain de cire. On fait barbotter le chlore 
gazeux au moyen d’un tube terminé par un disque de verre poreux. On peut 
suivre la marche de la réaction, qui dure environ cinq heures, en pesant 
périodiquement |’éprouvette ou en prenant I’indice de réfraction. On distille 
l’acide a,6-dichlorovalérianique. Rendement: 71.1 g., 83.3%. P. é. 160° 
4162°C.421 mm. Indice de réfraction: 721.488. Calculé pour Cs;Hs0.Ck : 
Cl, 41.5%. Trouvé: Cl, 40.8%. 


(b) Chloruration de l'acide 6-chlorovalérianique au moyen du chlorure de 
sulfuryle 

Dans un ballon a large col, on place 27.3 g. d’acide 6-chlorovalérianique 
(0.2 mole) et 4 g. de trichlorure de phosphore. On active le mélange en 
l’éclairant pendant quelque temps au moyen d’une lampe a rayons ultra- 
violets. Puis, on laisse tomber lentement 150 ml. de chlorure de sulfuryle 
fraichement distillé. On laisse alors reposer pour la nuit, et on chauffe le 
mélange a reflux sur un bain-marie bouillant pendant six heures. On enléve 
l’excés de chlorure de sulfuryle par évaporation sous pression réduite et on 
distille l’acide dichloré. Rendement: 24.6 g., 72.0%. P. é. 154° a 156° C. 
a 18 mm. 


(c) Chloruration du 6-chlorovaléronitrile au moyen du chlorure de sulfuryle 

Dans un ballon muni d’un tube réfrigérant et d’un entonnoir a décantation, 
on place 47.0 g. de 6-chlorovaléronitrile (0.4 mole), 5 g. de trichlorure de 
phosphore et une trace d’iode pulvérisé. On active le mélange en |’éclairant 
quelque temps au moyen d’une lampe 4a rayons ultra-violets. Puis on laisse 
tomber 100 ml. de chlorure de sulfuryle fraichement distillé. On chauffe alors 
a reflux sur bain-marie pendant 15 h. On ajoute un mélange de 100 ml. 
d’acide chlorhydrique et de 40 ml. d’acide acétique glacial, et on fait bouillir 
a reflux pendant deux heures. Aprés avoir ajouté 200 ml. d’eau froide, on 
extrait trois fois a 1’éther, et on séche la solution éthérée sur du sulfate de sodium 
anhydre. Aprés avoir évaporé |’éther, on distille dans le vide. On obtient 


par fractionnement les acides 6-chlorovalérianique et a,6-dichlorovalérianique. 
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Z 


Rendement en acide 6-chlorovalérianique: 14.4 g., 26.4%. P. é 146° a 
149°C. 4 23 mm. Rendement en acide a@,6-dichlorovalérianique: 26.0 g., 
38.0%. P. é. 155° a 160° C. a 22 mm. 


Acide 6-hydroxyvalérianique (V) 
(a) A partir du 6-chlorovaléronitrile 

Dans un ballon muni d’un réfrigérant, on mélange 117.5 g. de 6-chloro- 
valéronitrile (1.0 mole), 200 g. d’hydroxyde de potassium, 660 ml. d’éthanol 
et 100 ml. d’eau distillée. On chauffe le ballon 4 reflux sur bain-marie pendant 
six heures. Aprés avoir refroidi le mélange, on neutralise par de l’acide 
chlorhydrique, jusqu’a légére coloration rose avec la phénolphtaléine. On 
porte alors le tout au froid pour la nuit; on filtre le mélange et on lave soigneuse- 
ment les sels de potassium au moyen d’une solution alcoolique légérement 
acide. On évapore les filtrats obtenus jusqu’a un volume d’environ 200 ml. 
En acidifiant avec un grand excés d’acide chlorhydrique concentré, on obtient 
deux couches de liquide. On extrait a l’éther, on séche la solution éthérée sur 
du sulfate de sodium anhydre et on distille l’éther sous pression réduite. Le 
résidu est une huile jaune, composée principalement d’acide 6-hydroxyva- 
lérianique. Rendement brut: 100.3 g., 84.7%. 


(b) A partir du dihydropyranne 

On ajoute 380 ml. d’acide chlorhydrique 0.02 N a 34 g. de dihydropyranne 
(0.4 mole). On porte le mélange a l’ébullition, en ayant soin de bien agiter. 
La solution devient alors limpide. On continue |’ébullition pour une dizaine 
de minutes. A ce stage, le dihydropyranne est complétement hydrolysé en 
aldéhyde 6-hydroxyvalérianique. On refroidit la solution et on neutralise 
par une solution diluée d’hydroxyde de sodium, jusqu’a légére coloration rose 
a la phénolphtaléine. On ajoute 200 ml. de soude N et on introduit trés 
lentement 42.0 g. de permanganate de potassium; pendant toute la durée de - 
l’addition du permanganate, le mélange est agité vigoureusement. On laisse 
alors le tout 4 la température de la chambre pour la nuit. On acidifie et on 
extrait a l’éther au moyen d’un extracteur continu. Aprés 24 h., on distille 
l’éther et on obtient 30.7 g. d’une huile épaisse, composée principalement 
d’acide 6-hydroxyvalérianique. Le produit n’a pas été purifié, mais a aussitét 
été transformé en acide 6-bromovalérianique. 


Acide 6-bromovalérianique (VI) 

On place dans un ballon muni d’un réfrigérant 49.2 g. d’acide 6-hydroxy- 
valérianique provenant soit du 6-chlorovaléronitrile, soit du dihydropyranne, 
104 g. d’acide bromhydrique a 48% et 34.3 ml. d’acide sulfurique concentré. 
On chauffe le mélange sur un bain-marie bouillant, pendant cing heures. On 
le verse dans 300 ml. d’eau froide et on |’extrait 4l’éther. On séche la solution 
éthérée sur du sulfate de sodium anhydre, on évapore |’éther, et on distille dans 
le vide l’acide 6-bromovalérianique. Rendement: 40.0 g., 53%. P. f. 38° 
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439°C. Litt.: 38° 4 39°C. (1).* P.é. 152°C. 817 mm. Litt.: 114° a 
119°C. a 2 mm. (5). Calculé pour C;H,O.Br: Br, 44.3%. Trouvé: Br, 
42.8%. 

Acide a,6-dibromovalérianique (VII) 

On traite 30.5 g. d’acide 6-bromovalérianique par 40.0 g. de brome, en 
présence de 2.0 g. de phosphore rouge, tel que décrit pour la préparation de 
l’acide a-bromo-6-chlorovalérianique. On obtient ainsi l’acide a@,6-dibromo- 
valérianique. Rendement: 38.4 g., 87.5%. P. é. 168° 4 172° C. a 14 mm. 
Litt.: 171° 4 174° C. 413 mm. (1). Calculé pour C;H,0.Brz: Br, 61.5%. 
Trouvé: Br, 60.0%. 


Acide a-chloro-6-bromovalérianique (VIII) 

On fait barbotter du chlore gazeux dans 84.0 g. d’acide 6-bromovalérianique, 
en présence de 4.0 g. de trichlorure de phosphore, suivant la méthode décrite 
pour l’acide a,6-dichlorovalérianique. Par distillation dans le vide, on obtient 
l’acide a-chloro-6-bromovalérianique. Rendement: 82.0 g., 82.0%. P. é. 
170° 4 175°C. A 21 mm. Indice de réfraction: 7? 1.515. Calculé pour 
C;H;0.CIBr: Cl, Br, 53.6%. Trouvé: Cl, Br, 53.9%. 


DL-proline (XI) 

On mélange 0.05 mole d’un acide valérianique @,6-dihalogéné et 150 ml. 
d’ammoniaque concentrée, dans un petit ballon a pression, qu’on place a 
l’étuve a 70° C. pendant 48h. On évapore alors le mélange a sec, sous pression 
réduite. On dissout le résidu solide dans l’eau et on agite pendant une heure 
avec de l’hydroxyde d’argent, fraichement précipité 4 partir de 17.0 g. de 
nitrate d’argent et de 4.0 g. d’hydroxyde de sodium. On filtre, on lave 
soigneusement a l’eau chaude le précipité d’halogénure d’argent et on sature 
les filtrats combinés d’hydrogéne sulfuré. On filtre 4 nouveau et on chasse 
l’excés d’hydrogéne sulfuré du filtrat, par ébullition prolongée. Apreés traite- 
ment au noir animal, on obtient la solution de proline débarrassée des sels 
inorganiques. 

On transforme la proline a l'état de sel de cuivre en faisant bouillir la solution 
ainsi obtenue avec un précipité d’hydroxyde cuivrique provenant de 16.0 g. 
de sulfate de cuivre et de 11.2 g. d’hydroxyde de potassium. Aprés avoir 
filtré l’hydroxyde cuivrique non transformé, on évapore 4 sec sous pression 
réduite, on dissout le résidu dans 25 ml. d’eau chaude, et on porte la solution 
violette au froid. Aprés cristallisation, on filtre le prolinate de cuivre pratique- 
ment pur et on ajoute un égal volume d’alcool éthylique, ce qui a pour effet 
de précipiter les derniéres traces de prolinate de cuivre, mais aussi d’entrainer 
des quantités appréciables de sels de cuivre des résidus. Cette deuxiéme 
fraction doit d’abord étre recristallisée avant de pouvoir étre ajoutée a la 


* Les points de fusion ne sont pas corrigés. 
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fraction principale. Le prolinate de cuivre est obtenu sous forme de cristaux 
bleus, qui par chauffage a l’étuve 4 100° C. pendant quelques heures perdent 
leur molécule d’eau de cristallisation, et prennent une couleur violette carac- 
téristique. Calculé pour CioHigOsN2Cu: N, 9.62%. Trouvé: N, 9.66%. 

On procéde exactement de la méme facon pour cycliser les acides a-bromo-6- 
chlorovalérianique, a@,6-dibromovalérianique, a,6-dichlorovalérianique et a- 
chloro-6-bromovalérianique. 


Pour les cyclisations effectuées 4 des températures supérieures 4 70° C. on 
se sert d’un autoclave. La technique pour l’isolement de la proline reste 
cependant la méme. 

Il est aussi possible d’isoler la proline sans qu’il soit nécessaire d’éliminer 
les sels d’ammonium sous forme de sels d’argent ou méme de sels de plomb. 
On évapore a sec les produits d’amination, on asséche les résidus en les lavant 
deux ou trois fois dans l’acétone, on les place dans la capsule d’un extracteur 
Soxhlet et on extrait la DL-proline par |’alcool éthylique absolu. Une certaine 
quantité du bromure d’ammonium s’y dissout, mais le chlorure d’ammonium 
demeure insoluble. Aprés environ une heure d’extraction, on évapore la 
solution alcoolique. Le résidu est alors traité par I’hydroxyde cuivrique, tel 
que décrit plus haut. La faible quantité de bromure d’ammonium qui s’est 
dissoute dans I’alcool n’interfére pas dans |’isolement du prolinate de cuivre. 
Nous avons ainsi obtenu des rendements qui se comparent favorablement a 
ceux obtenus par la technique des sels d’argent. 

On peut aussi faire réagir directement la proline avec l’hydroxyde de 
cuivre, sans éliminer les sels d’ammonium. Dans ce cas cependant, le rende- 
ment est légérement inférieur, 4 cause de la difficulté de séparer la derniére 
fraction de prolinate de cuivre de la solution concentrée des sels ammoniacaux. 


Picrate de proline 

On fait passer de l’hydrogéne sulfuré dans une solution contenant 2.0 g. 
de prolinate de cuivre. Aprés avoir filtré le précipité de sulfure de cuivre, 
on chasse l’hydrogéne sulfuré par ébullition. On ajoute alors 4.0 g. d’acide 
picrique et on chauffe la solution a reflux pendant une heure. Par refroidis- 
sement, on obtient des cristaux jaunes, qui aprés lavage a |’éther, et recristal- 
lisation dans l’eau, donnent de fines aiguilles, fondant 4 135° 4 137°C. Litt. 
135° a 137°C. (2). Rendement: 4.0 g., 90%. 
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THE SYNTHESIS OF SOME PYRIDOCARBAZOLES ! 


By RICHARD H. F. MANSKE AND MARSHALL KULKA 


Abstract 


Three new pyridocarbazoles, namely, 11-pyrido(4,3-a)-, 11-pyrido(3,4-a)-, 
and 10-pyrido(3,4-b)- or 9-pyrido(4,3-c)-carbazole have been synthesized from 
the hydrazones of cyclohexanone and 5-, 8-, and 7-hydrazinoisoquinoline respec- 
tively by ring closure and dehydrogenation of the resulting tetrahydropyrido- 
carbazoles. In unsuccessful attempts to determine which of the two possible 
pyridocarbazoles is formed from the hydrazone of cyclohexanone and 7-hydra- 
zinoisoquinoline, 11-methyl-10-pyrido(3,4-b)carbazole was also synthesized. 
The hydrazone of cyclohexanone and 7-amino-8-chloroisoquinoline failed to 
undergo ring closure. 


The fusion of the isoquinoline ring to the 2,3-position of indole or the fusion 
of a pyridine ring to carbazole may result in six isomeric pyridocarbazoles, 
namely, 10-pyrido(3,4-b)- (I), 9-pyrido(4,3-c)- (II), 11-pyrido(4,3-a)- (IID), 
11-pyrido(3,4-a)- (IV), 10-pyrido(4,3-b)- (V), and 9-pyrido(3,4-c)- (VI) car- 
bazoles. There does not seem to be a description of any of these complex 
ring systems in the literature. Success did not attend attempts to fuse a 
pyridine ring onto carbazole by cyclization of N-formyl-, N-carbethoxy-, and 
N-acetyl-8-(5,6,7,8-tetrahydro-3-carbazolyl)ethylamine to I (3). It was 
therefore decided to attempt to synthesize I and its isomers by fusing an indole 
ring onto isoquinoline. The general method adopted was the Fischer indole 
ring closure of the hydrazone (VII) of cyclohexanone and the appropriate 
hydrazinoisoquinoline, followed by dehydrogenation of the resulting tetra- 
hydropyridocarbazole. The hydrazone of cyclohexanone and 5-hydrazinoiso- 
quinoline (4) when treated with 17% sulphuric acid at room temperature or by 
warming underwent ring closure almost quantitatively to give 7,8,9,10-tetra- 
hydro-11-pyrido(4,3-a)carbazole. Dehydrogenation of this to III required © 
heating with platinum at 360° C. for five hours in an atmosphere of nitrogen. 
The pyridocarbazole IV was prepared similarly by cyclizing the hydrazone 
of cyclohexanone and 8-hydrazino-5-chloroisoquinoline (4) and dechlorinating 
and dehydrogenating the resulting 5-chloro-7,8,9,10-tetrahydropyrido(3,4-a)- 
carbazole. 

Theoretically the hydrazone of cyclohexanone and 7-hydrazinoisoquinoline 
(4) can undergo the Fischer indole ring closure in two ways to produce 6,7,8,9- 
tetrahydro-10-pyrido(3,4-b)carbazole and 5,6,7,8-tetrahydro-9-pyrido(4,3-c)- 
carbazole, these being hydro derivatives of I and II. However, it was found 
that only one of these is formed. In an attempt to determine the structure 
of this pyridocarbazole, the hydrazone of cyclohexanone and 7-hydrazino-8- 
chloroisoquinoline (4) was treated with 17% sulphuric acid and with dry 


1 Manuscript received December 30, 1948. 


Contribution from the Research Laboratories, Dominion Rubber Company Limited, 
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hydrogen chloride in organic solvents but no 11-chloro-6,7,8,9-tetrahydro-10- 
pyrido(3,4-b)carbazole could be obtained. Instead, a small amount of an 
unidentified chlorine-free compound was obtained when cyclization was carried 
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out at 100° C. or higher, and low-boiling decomposition products, one of which 
was 8-chloroisoquinoline (2), resulted when cyclization was attempted at room 
temperature over an extended period of time. The same pyridocarbazole 
(I or II) was obtained from the phenylhydrazone of N-acetyl-7-ketodecahydro- 
isoquinoline by ring closure followed by deacetylation and dehydrogenation. 
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In another attempt to determine whether the pyridocarbazole is the linear I 
or angular compound II, 11-methyl-10-pyrido(3,4-b)-carbazole (VIII) was 
synthesized by ring closure of the phenylhydrazone of cis- and trans-N-acetyl-7- 
keto-8-methyldecahydroisoquinoline (IX) (6) followed by deacetylation and 
dehydrogenation. However, VIII could not be demethylated via oxidation 
and decarboxylation. Oxidation of VIII with selenium dioxide or chromyl 
chloride resulted in resinous inorganic material. This is not surprising in 
view of the behavior of carbazole (1, 5) and 1-methylcarbazole to various 
oxidizing agents. Further work on the structure determination of I and II 
and the synthesis of V and VI is in progress. 


Experimental 


The Hydrazone of Cyclohexanone and 5-Hydrazinoisoquinoline 

To a hot solution of 5-hydrazinoisoquinoline (4) (7.8 gm.) in methanol 
(60 cc.) was added cyclohexanone (5.0 gm.) and the solution heated under 
reflux for one-half hour. The solvent was distilled off under reduced pressure 
and the solid residue crystallized from benzene or ethyl acetate; light-yellow 
prisms, m.p. 129° to 131° C.;* yield, 8.7 gm. or 74%. Calc. for CisHi7Ns : 
C, 75.29; H, 7.15; N, 17.55%. Found: C, 75.45, 75.45; H, 6.95, 7.06; 
N, 16.97, 16.99%. 


7,8,9,10-Tetrahydro-11-pyrido(4,3-a)carbazole 

A solution of the hydrazone of 5-hydrazinoisoquinoline (8.5 gm.) in 17% 
sulphuric acid (by weight) (100 cc.) was allowed to stand at room temperature 
for 15 hr. The reaction mixture, which contained the yellow precipitated 
sulphuric acid salt, was then heated on the steam bath for one hour in order 
to complete the reaction, cooled, filtered, and washed with water. The 
sulphate (m.p. 247° to 250°C.) (8.5 gm.) was dissolved in boiling water - 
(1500 cc.) and the solution basified with sodium hydroxide and cooled. The 
white precipitate was filtered, washed, and dried, yield 5.9 gm. or 72%; m.p. 
218° to 219°C. Crystallization from acetone gave white needles (5.5 gm. 
from three crops); m.p. 219 to 220° C. Calc. for CisHiusNe : C, 81.04; H, 6.34; 
N, 12.61%. Found: C, 80.83, 81.14; H, 6.38, 6.53; N, 12.00, 11.90%. 


11-Pyrido(4,3-a)carbazole (III) ; 

7, 8, 9, 10-Tetrahydro-11-pyrido(4,3-a)carbazole (1.0 gm.) was mixed with 
platinum black (Adams catalyst) (0.50 gm.) and then heated in an atmosphere 
of nitrogen at 360° C. for five hours. It was then sublimed at 50yu pressure 
and a temperature of about 230°C. The sublimate (0.70 gm.) was crystal- 
lized from methanol, yielding white needles; m.p. 256 to 257°C. Calc. for 
CisHioNe : C, 82.51; H, 4.63; N, 12.83%. Found: C, 82.20, 82.17;H, 5.12, 
4.87; N, 12.66%. 


* All melting points are corrected. 
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Hydrazone of Cyclohexanone and 5-Chloro-8-hydrazinotsoquinoline (4) 

This hydrazone was prepared in a manner similar to that of 5-hydrazinoiso- 
quinoline above, light-yellow needles; m.p. 144 to 147° C. (with decomposition) 
after crystallization from methanol. Calc. for CisHisNsCl: C, 65.82; H, 5.85; 
N, 15.36% Found: C, 66.02, 65.72; H, 6.02, 5.98; N, 15.62%. 


5-Chloro-7,8,9,10-tetrahydro-11-pyrido(3,4-a)carbazole 

A solution of the crude hydrazone of cyclohexanone and 5-chloro-8-hydra- 
zinoisoquinoline (1.6 gm.) in 17% sulphuric acid (75 cc.) was allowed to stand 
at room temperature overnight and then heated on the steam bath for one 
hour. The yellow sulphuric acid salt was filtered, dissolved in a boiling 
solution of water (400 cc.) and ethanol (400 cc.), and basified with sodium 
hydroxide. The ethanol was distilled off under reduced pressure and the 
aqueous suspension filtered; yield of light-yellow solid, 1.2 gm. or 80%; 
crystallized from acetone and methanol, light-yellow needles, m.p. 323° to 
324°C. Calc. for CisHisN2:Cl: C, 70.18; H, 5.07; N, 10.91%. Found: 
C, 70.05, 70.37; H, 5.26, 5.20; N, 10.79%. 


11-Pyrido(3,4-a)carbazole(IV) 

To tetralin (100 cc.) was added platinum catalyst (0.3 gm.) and 5-chloro- 
7,8,9,10-tetrahydro-11-pyrido(3,4-a)carbazole (0.5 gm.) and the reaction 
mixture heated under reflux until no more hydrogen chloride was evolved 
(40 hr.) as indicated by bubbling the nitrogen swept gas into silver nitrate 
solution. The tetralin was removed under reduced pressure, more platinum 
catalyst (0.1 gm.) was added to the residue, and the mixture heated at 330° C. 
for four hours in an atmosphere of nitrogen, in order to complete the dehyd- 
rogenation. The product was then sublimed at ca. 220° C. (1 mm.), yielding 
0.24 gm. or 56% of yellow sublimate; crystallized from methanol, light-yellow 
prisms, m.p. 280° to 282°C. Calc. for CisHioN:: C, 82.51; H, 4.63; N, 
12.83%. Found: C, 82.49, 82.30; H, 5.16, 4.94; N, 12.80%. 


Hydrazone of Cyclohexanone and 7-Hydrazinoisoquinoline (4) 

This hydrazone was prepared in a manner similar to that of 5-hydrazinoiso- 
quinoline above; m.p. 137° to 140° C. from benzene and from ethyl acetate. 
Calc. for CisHizN3 : C, 75.29; H, 7.15%. Found: C, 74.93, 74.80; H, 7.24, 
7.28%. 


6,7,8,9-Tetrahydro-10-pyrido(3,4-b)carbazole or 5,6,7,8-Tetrahydro-9-pyrido- 
(4,3-c)carbazole 
A solution of the hydrazone of cyclohexanone and 7-hydrazinoisoquinoline 
(crude, prepared from 0.90 gm. of 7-hydrazinoisoquinoline) in 17% sulphuric 
acid was allowed to stand at room temperature overnight and then heated on 
the steam bath for one-half hour. The cooled solution was basified with 


sodium hydroxide and the precipitated tarry material extracted with ether. 
The ether was distilled off and the residue sublimed at ca. 220°C. (50). 
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The sublimate (0.5 gm. or 40%) was crystallized from acetone or methanol; 
yellow prisms, m.p. 227° to 228°C. Calc. for CjsHisNo: C, 81.04; H, 6.34; 
N, 12.61%. Found: C, 81.21, 81.03; H, 6.48, 6.45; N, 12.79, 13.00%. 


10-P-yrido(3,4-b)carbazole (I) or 9-Pyrido(4,3-c)carbazole (II) 

(a) The tetrahydro derivative of I or II (0.5 gm.) was mixed with platinum 
catalyst (0.1 gm.) and heated at 330° C. for seven hours in an atmosphere of 
nitrogen and then sublimed at ca. 250° C. (2mm.). The sublimate (0.47 gm.) 
was crystallized from methanol; light-yellow needles, m.p. 249° to 250° C. 
Cale. for CisHioNe: C, 82.51; H, 4.63; N, 12.83%. Found: C, 82.27, 
82.52; H, 4.67, 5.22; N, 12.66%. 

(6) 7-Hydroxyisoquinoline was hydrogenated and acetylated in the same 
manner as was 7-hydroxy-8-methylisoquinoline (6) to yield N-acetyl-7-hydroxy- 
1,2,3,4-tetrahydroisoquinoline; m.p. 155° to 158° C., from methanol. Calc. for 
CyH:O0O2N: C, 69.11; H, 6.80; N, 7.33%. Found: C, 68.97, 69.09; H, 6.80, 
6.67; N, 7.19, 7.13%. This was then further hydrogenated (6) and the 
crude N-acetyl-7-hydroxydecahydroisoquinoline without isolation oxidized to 
N-acetyl-7-ketodecahydroisoquinoline (6); yield, 30%. The latter was a 
colorless liquid boiling at about 200° C. (2 mm.). The oily phenylhydrazone 
from this, which was prepared in the same way as was IX (see below), was ring 
closed and deacetylated by heating under reflux in 6 N hydrochloric acid for 
two hours. The resulting crude octahydro derivative(s) of I or II (0.2 gm.) 
was dehydrogenated by heating with platinum oxide at 250°C. for three 
hours in an atmosphere of nitrogen. The product consisted of resinous mate- 
rial for the greater part, a low-boiling fraction which was not investigated, and 
a yellow solid (0.01 gm.) which sublimed at 200° to 220° C. (1 mm.) and melted 
at 245° to 247° C. alone or in admixture with the I or II obtained in (a). 


Phenylhydrazone of cis- N-Acetyldecahydro-7-keto-8-methylisoquinoline (IX) 

A solution of cis-N-acetyldecahydro-7-keto-8-methylisoquinoline hydrate 
(6) (1 gm.), methanol (10 cc.), and phenylhydrazine (1 gm.) was heated under 
reflux for one-half hour. The cooled reaction mixture was filtered and the 
white hydrazone (1.1 gm. or 83%) was crystallized from methanol; white 
prisms, m.p. 190° to 198°C. Calc. for CisHasN30: C, 72.19; H, 8.42; N, 
14.04%. Found: C, 72.12, 72.02; H, 8.38, 8.30; N, 13.83, 14.12%. 


N-Acetyl-1,2,3,4,5,11,12,13-octahydro-11-methyl-10-pyrido(3,4-b)carbazole 

The phenylhydrazone of N-acetyldecahydro-7-keto-8-methylisoquinoline 
(IX) (1.1 gm.) was added to 17% sulphuric acid (50 cc.) and the reaction 
mixture heated at 70° to 80° C. for one-quarter hour. The white precipitate 
which appeared soon after the hydrazone had dissolved was filtered from the 
cooled reaction mixture, washed with water and dried; yield 0.15 gm., m.p. 
235° to 237°C. Crystallization from ethanol yielded white needles; m.p. 
238° to 239° C. Cale. for CisHos3N2O: C, 76.56; H, 7.87; N, 9.92%. Found: 
C, 76.40, 76.69; H, 7.89, 7.97; N, 10.10, 10.27%. 
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11-Methyl-10-pyrido(3,4-b)carbazole (VIII) 

(a) N-Acetyl-1,2,3,4,5,11,12,13-octahydro-11-methyl-10-pyrido(3,4-b)carba- 
zole (0.1 gm.) was added to 6 N hydrochloric acid (10 cc.) and the reaction 
mixture heated under reflux for three hours. The resulting solution was taken 
to dryness under reduced pressure, the residue dissolved in water, and the 
solution basified with sodium hydroxide. The semisolid precipitate was 
filtered off and heated with platinum oxide catalyst (0.05 gm.) in an atmosphere 
of nitrogen at 230° to 240°C. for three hours. Sublimation at ca. 240° C. 
(2 mm.) yielded 7 mgm. of solid which crystallized from acetone as intensely 
yellow needles; m.p. 284° to 286° C. 

(6) The hydrazone IX (0.2 gm.) was added to 6 N hydrochloric acid (10 
cc.) and the reaction mixture heated under reflux for two hours. The solution 
was basified with sodium hydroxide, and the gummy precipitate filtered and 
dehydrogenated as in (a); yield of sublimate was 0.047 gm. or 30% which 
when crystallized from acetone melted at 284° to 286°C. Calc. for CisHi2Ne : 
C.-82.71> BH, 5.28: N,. 12.06%. Found: C, $2.94, 82.81; H, 5.20, 5.30; 
N, 11.88, 12.32%. 
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THE MECHANISM OF SULPHATE ATTACK ON PORTLAND 
CEMENT? 


By F. M. LEA 


Abstract 


Tests on the expansion of mortars in sulphate solutions indicate that the con- 
version of calcium hydroxide to gypsum is a contributory factor. The increased 
resistance to attack obtained by curing in steam under pressure appears primarily 
to be due to the suppression of this reaction and to the decreased permeability of 
the mortar. 

It seemed appropriate that a paper contributed to the present number in 
honor of Professor Thorvaldson should deal with a subject to which he has 
made major contributions. The opportunity has, therefore, been taken to 
present some results of work carried out intermittently before the war which, 
though incomplete, throw some further light on the mechanism of sulphate 
attack on Portland cement. 

The action of sulphate solutions on Portland cement is determined by the 
nature of the chemical reaction and by physical factors such as the perme- 
ability of the mortar or concrete concerned and the degree to which the more 
reactive constituents of the set cement may be protected by surface films of 
less reactive components. The chemical reactions possible are (i) the con- 
version of calcium hydroxide in the set cement to calcium sulphate, (ii) the 
conversion of hydrated calcium aluminates and ferrites to calcium sulpho- 
aluminate or sulphoferrite or their solid solutions, and (iii) the decomposition 
of hydrated calcium silicates. In calcium sulphate solution only (ii) can 
occur, but in sodium sulphate solution (i) may occur in addition. The 
reaction 


Ca(OH): + NaeSO..10H2O = CaSO,.2H,O + 2NaOH + 8H:0 


proceeds to a considerable extent from left to right. Thus, from the data of 
Hansen and Pressler (6), if a solution containing 53.2 gm. per liter sodium 
sulphate is brought into contact with excess solid calcium hydroxide and cal- 
cium sulphate, about 30% of the SO; is deposited out as calcium sulphate by 
reaction with the calcium hydroxide before equilibrium is reached. With a 
sodium sulphate solution of 20.6 gm. per liter about 20% of the SO; is deposited 
as calcium sulphate. Under conditions where the supply of sodium sulphate 
is maintained the extent of conversion will increase, but its rate will be deter- 
mined by the speed with which sulphate ions can diffuse in and hydroxy] ions 
out of the mortar or concrete. In practice, therefore, with dense mortars or 
concretes, only partial conversion of calcium hydroxide to calcium sulphate 
may occur even over long periods. The solid volume more than doubles 
during the conversion, the respective molecular volumes of Ca(OH). and 


1 Manuscript received December 28, 1948. 
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CaSO, .2H:O being 33.2 and 74.3 cc. With magnesium sulphate all three 
reactions can proceed, since the pH value of saturated magnesium hydroxide 
(about 10.5) is below that necessary to stabilize the hydrated calcium silicates. 
In addition, calcium sulphoaluminate is itself unstable at a pH of 10.5 and, 
though first formed, eventually decomposes again to form gypsum and 
hydrated alumina. 

Thorvaldson (11) and his collaborators have compared the rates of expansion 
in sulphate solutions of mortar bars containing pure cement compounds as 
cementing agents. In magnesium sulphate solutions decreasing rates of 
expansion of 1 : 10 mortars were found in the order 


B2CaO . SiOz , 3CaO . SiOz , 50% B2CaO . SiO. + 50% 3CaO . SiOz , 


while with sodium and calcium sulphate solutions the expansions were very 
small in all cases, even though microscopic examination showed the presence 
of gypsum crystals in the mortar. The substitution of 20% 3CaO. Al.O; for 
the silicates led to much increased rates of expansion in all sulphate solutions 
and the mixes with 3CaO. SiO, expanded more rapidly than those with 
B2CaO . SiOz , in contrast to the relative behavior of these two compounds 
when used alone. In later tests on denser mortars prepared from laboratory- 
made cement, Bogue, Lerch, and Taylor (3) found the resistance to attack by 
sulphate solutions increased somewhat as the content of 3CaO.SiO. was 
raised at the expense of 2CaO. SiO. , though the effect was pronounced only 
with cements of relatively high 3CaO . Al.O3; contents. They attributed this 
to improvements in water-tightness and strength rather than to any inherent 
higher resistance to sulphate attack of 3CaO . SiO. compared with 2CaO . SiOz. 
The available evidence does not, therefore, indicate clearly the influence on 
the expansion of the conversion to gypsum of the calcium hydroxide liberated 
during the hydration of 3CaO.SiO.. Some tests were carried out in the 
present work to obtain more definite evidence. 

It has also long been known (9) that the resistance of Portland cement 
products to attack by sulphate solutions is much increased by curing in high 
pressure steam which causes changes in the hydrated cement products and at 
the same time decreases the permeability of the mortar or concrete. Apart 
from the formation of a crystalline hydrated dicalcium silicate (9) from both 
3CaO . SiO. and B2CaO . SiO. , a major change is in the form of the alumina 
and iron compounds. Flint, McMurdie, and Wells (4) have shown that, 
in high pressure steam, hydrated tricalcium aluminate and the corresponding 
ferrite are converted into hydrogarnets consisting of a solid solution of the 


general formula : 
3CaO . (Al,Fe)203 . 3[(H20)2 ,SiOz]. 


These hydrogarnets proved very resistant to the action of sodium sulphate 
solutions containing sufficient calcium hydroxide to prevent hydrolysis (5), 
but the resistance to magnesium sulphate solution may not be as high since 
the pH of saturated magnesium hydroxide solution may be too low to stop 
hydrolysis. A further important change with silica sands is their reaction 
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with the free calcium hydroxide to form hydrated calcium silicates. The 
substitution of a limestone sand for silica enables the latter effect to be 
eliminated. There is also evidence (7, 8) that high pressure steam treatment 
of calcium carbonate leads to some reaction which tends to cause expansion, 
and so prevent the normal decrease in permeability of the mortar. Some 
tests were, therefore, made to examine the effect of substitution of a limestone 
for sand as aggregate. 
Experimental 


Measurements were made of the expansion of cylindrical mortar rods 5 in. 
long and 1 in. diameter. The mortars varied considerably in composition, but 
the consistence of the mix, which was a dry type, was standardized and similar 
to that used for making mortar briquettes for tensile test in the British Stan- 
dard for Portland cement (BS 12). The rods were compacted in a standard 
manner and cured, except where otherwise stated, for one day in moist air and 
six days in water at 18° C. before immersion in solutions of 5% (anhydrous) 
sodium or magnesium sulphate at 18°C. Stainless steel balls cast in the ends 
of the rods served as reference points for measurement of changes in length. 
_ All results are the mean of measurements on four rods. 


Results 


The first series of tests were made on mortars containing only lime and 
silica, which were cured either in water or high pressure steam and in which the 
composition was so adjusted as to leave varying contents of free calcium 
hydroxide. The mixes were as follows, by weight:— _ 











: SiO. 120 B.S. 18-25 B.S. 

No. CaO (as silica gel) mesh sand mesh sand 
I 1 0.33 1.62 4.55 

II 1 0.555 1.805 5.5 

III 1 2.36 5.5 

IV 1 — 3.95 8.75 

















The ratio of total sand content to cementing agent, and of coarse sand to 
fine sand and silica gel, were maintained constant as shown below, in order to 
keep the various mixes as similar physically as possible. 











Ratio for various mixes I II III IV 
Total SiO, - ‘“ 
~— 6.5 7.8 7.8 12.5 
Total sand 47 47 = — 





CaO + SiO» (as gel) 


Coarse sand 
SiO, (as gel) + fine sand 
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The silica gel used contained about 80% SiOz and the lime was a commercial 
hydrate containing about 95% Ca(OH)2. The weight proportions given 
above are based on the anhydrous constituents. 

The expansions observed in sulphate solutions, and other relevant data, are 
shown in Table I. 











TABLE I 
: P % aO Ss Weeks’ % 
No. Type mix Curing free Ce horeee eeks ae 
after curing solution storage expansion 

I Lime : 6 weeks moist air, followed by Na2SOx 200 0.20 
silica gel : 17 weeks in water, 18° C. 4 

sand MgSO; 90 0.19 

II Lime : 6 weeks moist air, followed by NaeSO, 120 Zero 

silica gel : 34 weeks in water, 18° C. 0 MgSOs 90 0.02 

sand 120 0.43 

III Lime : Autoclaved 7 hours, 183.5° C. 4.3 Na2SOs 90 0.04 

sand 150 0.06 

MgSO: 90 0.14 

150 0.28 

IV Lime : Autoclaved 7 hours, 183.5° C. 0.8 NaeSOx 150 Zero 

sand MgSO; 90 0.04 

150 0.13 























The free lime values were determined by extraction. of 1 gm. with 200 cc. 
of a solution containing 0.06 gm. CaO per 100 cc. by the method described 
by Bakewell and Bessey (1). Hydrolysis of hydrated calcium monosilicate 
is avoided by this procedure, but the values obtained can be regarded only as 
very approximate. Very similar values were obtained on extraction with a 
solution containing 0.02 gm. CaO per 100 cc. 

Further tests, shown in Table II, were designed to show the effect of removal 
of free lime from a Portland cement mortar by carbonation. 

It is evident from a comparison (Table I) of Mix I with II, or III with IV, 
that a calcium silicate bonding agent is not attacked by sodium sulphate 
solutions, as earlier work of Thorvaldson has shown, but that the conversion 
of any free Ca(OH): present to CaSO, . 2H20 leads to an expansion. A some- 
what similar comparison is provided by V and VI (Table II) but in this case, 
with Portland cement as the binding agent, the removal of free calcium hyd- 
roxide by carbonation only retards expansion in sodium sulphate solutions, 
since formation of calcium sulphoaluminate from the alumina compounds of 
the set cement can still occur. The protective effect of carbonate films may 
also have had an influence in retarding the expansion, making the evidence 
less definite. In magnesium sulphate solution the calcium silicate binding 
agent of Mixes I-IV is attacked, but the expansion is accelerated by the 
presence of free Ca(OH): in the mortar. Similar results are seen from V and 
VI, where the presence of alumina compounds in the set cement leads to more 
rapid expansion. 
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TABLE II 
oO 
Ref. Mix proportions ’ 7 free %oCOs Storage | Weeks’ % 
i : Curing CaO after after : , 
No. by weight ; a solution | storage | expansion 
curing curing 
Vv 1 Portland Cement A 28 days in carbon 0.15 2.22 Na2SO, 8 0.02 
1 Ground sand* dioxide at 50% 20 0.18 
6 18-25 mesh sand R.H. MgSO. 8 0.10 
20 0.60 
VI 1 Portland Cement A 28 days in CO: 1.90 0.20 NaeSOx 8 0.40 
1 Ground sand* free air at 50% MgSO, 8 0.50 
6 18-25 mesh sand R.H. 


























* Through 170 B.S. mesh. 


Earlier tests (10) by Thorvaldson, Vigfusson, and Wolochow on a silica 
gel—lime mortar cured at normal temperature and containing 0.5% free 
CaO showed a high resistance to sodium sulphate solution but much less to 
magnesium sulphate, in general agreement with the results recorded here on 
Mix IT. 


The effect of high pressure steam treatment on the sulphate resistance of 
mortars with limestone and silica sands respectively is shown in Table ITI. 











TABLE III 
Ref. Mix proportions — Storage Weeks’ % 
No. by weight ane solution storage | expansion 
VII 1 Portland Cement A 7 days water, Na2SO, 8 0.24 
1 Ground sand* i a Ge MgSO, 8 0.49 
6 18-25 mesh sand 
VIII 1 Portland Cement A | Autoclaved 7 hours, | Na2SO, 200 Zero 
1 Ground sand* 183..5°'C. MgSO, 200 - Zero 
6 18-25 mesh sand 
IX 1 Portland Cement A | Autoclaved 7 hours, | Na2SO; 8 0.01 
1 Ground limestone* 183.5" C. 20 0.28 
6 18-25 mesh limestone MgSO, 8 0.04 
20 0.52 




















* Through 170 B.S. mesh. 


With a calcium carbonate sand the treatment increases the resistance to 
attack compared with a corresponding silica sand mortar cured at 18°C., 
but expansion is nevertheless still fairly rapid. In contrast, the silica sand 
mortar, after steam curing, remained immune from attack for nearly four 
years, when measurements were discontinued. It would appear, therefore, 
that the major cause of increase in the sulphate resistance of silica sand mortars 
on curing in high pressure steam is to be found in the suppression of the 
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reaction Ca(OH), —> CaSO,;.2H.2O, because of the removal of the free 
calcium hydroxide, or in the greater impermeability of the mass. The latter 
may be the result of a gross decrease in permeability or of the formation of 
protective films of the calcium hydroxide — sand reaction product over the 
cementing material. Bessey (2) has shown that in sand-lime brick manu- 
facture the compounds formed are a mixture of hydrated monocalcium silicate 
and more basic silicates. These are not inert to attack by magnesium sulphate 
solution, but, being on the average less basic than the hydrated dicalcium 
silicate formed in the steam curing of Portland cement, they will be less 
reactive. The formation of hydrogarnets of higher sulphate resistance than 
hydrated tricalcium aluminate will also be a contributory factor in the increase 
of sulphate resistance, but not from the present evidence the major factor. 
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THE INTERACTION OF METHANE AND METHANE-d, ON NICKEL 
AND THE STATE OF THE CATALYST SURFACE! 


By Maurice M. WricHt AND HuGH S. TAYLOR 


Abstract 


The interaction of methane and methane-d, on nickel has been re-examined. 
The data strengthen the previous concept of a dissociative adsorption of methane 
on the catalyst. The kinetic data indicate first-order disappearance of 
methane-d, with an activation energy of 20.9 kcal. between 100° and 255° C. 
Poisoning by carbonaceous residues occurs at all temperatures. First-order 
kinetics are indicated for the formation of methane-d3; and methane-de on the 
catalyst surface. Reaction of hydrogen with surface residues, after an exchange 
reaction, indicate that CX, CXe, and CX; fragments are present on the surface 
where X is H or D. Higher temperatures favor an equilibrium between these 
fragments on the surface, equilibrium being displaced towards CX; as tempera- 
ture increases. This equilibrium will be dependent on the heats of adsorption 
of the fragments and of hydrogen on the surface and therefore involves also the 
metal used as catalyst. The data suggest a basic approach to the mechanism 
of the Fischer-Tropsch synthesis on metal catalysts. 


The interaction of methane with methane-d, on catalytic surfaces was first 
studied by Morikawa, Benedict, and Taylor (3) by means of infrared measure- 
ments. The rate-determining step was ascribed to activation of the carbon-— 
hydrogen bond in each reactant by a process of dissociative adsorption on 
the surface, the first stage of which would be the formation of adsorbed methyl 
and adsorbed atomic hydrogen. In the limit, this dissociative process would 
yield adsorbed carbon and hydrogen atoms. 


In the present work the exchange reaction has been measured with the aid 
of the mass spectrometer in order to seek more detail as to mechanism. A 
nickel — chromium oxide catalyst was used and the kinetics examined between 
100° and 260° C. It was observed that the surface was partially poisoned for 
exchange by deposition of carbonaceous material, the nature of which has 
been studied by means of its interaction with hydrogen, since the surface 
poison could be removed and activity restored by such treatment. These 
studies have revealed definite evidence for the existence on the catalyst 
surface of the fragments CH3, CHe, CH, C, CD, CDe, and CD;. The depend- 
ence of their relative concentrations on temperature has been examined. 


The results to be presented are preliminary toa final report (6). They indicate 
that, in the case of hydrocarbons, the dissociative mechanism is operative. 
The results in their bearing on the Fischer-Tropsch mechanism will also be 
indicated. 


1 Manuscript received December 31, 1948. 
Contribution from the Frick Chemical Laboratory, Princeton University, Princeton, N.J., 


The record of research by a younger generation of Canadian chemists constitutes a fitting 
tribute to the services rendered to chemical science by an older generation. This report on research 
carried through by one (M.M.W.) of a group of Canadian graduate students presently in residence 
in Princeton University, working under my direction, is offered in tribute to the services rendered 
by Prof. T. Thorvaldson of the University of Saskatchewan over a period of forty years. H.S.T. 
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Experimental 


The exchange reaction was conducted in a static system and followed with 
the mass spectrometer by measuring the mass ratios 20/40, 19/40, and 18/40, 
the reference mass, 40, being argon. This gas, in 3% concentration, permitted 
measurement of the change in concentration of the deuterated methanes. 
Two other possible references, (a) the pressure behind the capillary leak of 
the spectrometer and (b) the mass, 12, or carbon peak, are less satisfactory, 
the pressure reference because of the small samples used and the consequent 
pressure change during analysis, the carbon peak because of its smallness, 
1.2% of CD,*+ and 1.8% of CH,*. In the course of an experiment eight 
samples each approximately 0.5 cc. volume were removed, for the analyses, 
from an initial reaction mixture of about 40 cc. 


Removal of carbonaceous residues from the catalyst surface was also 
followed by means of the mass spectrometer. The methane reaction mixture 
was removed and the catalyst evacuated at the temperature of the exchange 
reaction. Periods of evacuation from 30 min. to several hours were employed. 
Hydrogen to an amount of 30 cc. was then introduced, and 1.5 cc. samples 
were taken for analysis at intervals. In this case the hydrogen, mass 2, peak, 
corrected for methane formed, was the reference. 


Between successive exchange reactions, according to Procedure B, the 
catalyst was treated with 30 cc. of pure hydrogen at 400° to 420° C. for two 
to four hours, and then evacuated at 400° C. for 1 to 20 hr. By this treatment 
removal of carbonaceous material was completed, each experiment beginning 
with the catalyst in substantially the same condition. In Procedure A, 
which was preliminary and exploratory, there were variations in the treatment 
between successive runs. These varying treatments yielded interesting 
divergencies from the results by Procedure B. 


Preparation of Gases 

Methane-d, was prepared by reacting pure deuterium oxide with aluminum 
carbide at room témperature in an evacuated apparatus. The carbide was 
dried by evacuation for several hours prior to reaction. The reaction is slow, 
and, according to Urey and Price (5),slower than with ordinary water. It 
was found, in our experiments, to be simpler to allow reaction to proceed at 
room temperature for about two days to form 2 liters of gas than to raise the 
pressure with another gas such as carbon dioxide and work at higher tempera- 
tures. The impure product containing about 7% of deuterium, heavy water 
vapor, and small amounts of higher hydrocarbons was purified first by con- 
densation at 57° K. (in a trap cooled by the evaporation of nitrogen at a 
pressure of 2 to 3 cm. mercury) followed by a short period of evacuation to 
remove noncondensable gases, and finally distillation from a vessel at 77° K. 
to another at 57° K. 


Methane was prepared by passing > 99% CH, from a cylinder through a 
purification train consisting of copper at 400° C., calcium chloride, ascarite, 
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phosphorus pentoxide, and glass wool followed by a distillation procedure as 
with methane-dy. Hydrogen was purified by passing electrolytic hydrogen 
from a cylinder through the same purification train. 


Reaction Mixtures 

For the experiments according to Procedure A the composition was: 200 cc. 
CHa, 200 cc. CD, (6.4% CD3H or 98.4 atom % D) and 14.9 cc. argon. For 
Procedure B, it was 255 cc. CH,, 302 cc. CD, (7.6% CD3H or 98.1 atom % D) 
and 19.9 cc. argon. 


Apparatus 

The gases were circulated by thermal syphon over a pelleted catalyst placed 
in a vertical reactor and supported on a perforated glass cup. Two traps 
kept at —78°C. protected the catalyst at all times from mercury vapor. 
The volume of gas between the exit stopcock and the cold traps was kept toa 
minimum in order that samples would be representative of the circulating 
gas. The total volume of the reactor was 215 cc. 


The reactor was placed inside an air thermostat whose temperature was 
automatically controlled by a special regulator which eliminated temperature 
changes due to changes in barometric pressure. While there was a vertical 
temperature gradient within the reactor, regulation to within 0.3° C. at the 
catalyst was secured, at all temperatures employed between 100° and 400° C. 


The mass spectrometer was of the Nier type (4) with a 60° copper tube. 
A 67 volt-electron, 0.8 ma. total emission, ionizing beam was used. Peaks 
were located by varying the accelerating voltage. For the studies of carbon 
removal by hydrogen it was important to have a low, mass 18, background 
because, in the presence of hydrogen, the H2O* peak is several times larger 
than when methane or argon is present or when the tube is evacuated. 
Low, mass 18, backgrounds were obtained by baking at 300° C. in 1 atm. of 
hydrogen for 24 hr. followed by evacuation at the same temperature for 24 hr., 
cooling, and continued evacuation with the source at 200° C., the filament on 
and hydrogen behind the leak at all times when the instrument was not in use. 
With such pretreatment, in an analysis at room temperature the water peak 
decreased to about one-quarter of its value at 200°C. Thus, the water peak 
was lowered to 8 cm. when the hydrogen peak was 18,000 cm. so that it was 
then possible to measure with sufficient accuracy the methane-de peaks. 
These varied from 0 to 30 cm. on the scale just discussed. Samples were 
corrected for background by bracketing them with pure hydrogen. The 
presence of oxygen in a sample markedly increased the water peak, necessitat- 
ing discontinuance of analysis and baking of the source for some 12 hr. 


Interesting fluctuations of the electron emission current were observed since 
the filament was operated from storage batteries. Argon has no effect. An 
emission of 0.8 ma. in hydrogen changed to 0.75 ma. on evacuation, returning 
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to 0.8 ma. on reintroduction of hydrogen. Pure methane lowered the current 
from 0.8 ma. to circa 0.4 ma. with a proportionately smaller decrease if 
hydrogen was also present. 


Catalyst 

The catalyst was principally nickel with about 20% of chromium oxide as 
a support. Twenty cylindrical pellets, weighing 0.9 gm., of apparent volume 
0.7 cc. in all were used. The initial reduction of the catalyst was carried out 
in hydrogen at 400° C. 


Experimental Results 


A. METHANE-METHANE-d4 EXCHANGE KINETICS 


Evaluation of the Mass Spectrometric Data 

The values for the methane-ds, methane-d3;, and methane-d2 peaks relative 
to argon (A*) were obtained as follows:— 

(1) Mass 20 was corrected for the portion of At* falling at this mass. The 
A*+ peak falls about 3 v. higher than CD,* at 660 v. There were small 
variations due to observational errors and instrument behavior. The ratio 
A*++/A*+ was 0.104 for the group of experiments according to Procedure A 
and 0.083 for group B. Any errors in this ratio have a negligible effect on 
the kinetic results. 

(2) Each mass was corrected for the contribution from the “C isotope 
using the value of 1.1% for this abundance. 

(3) No corrections were made for overlapping peaks. In the 16 to 20 mass 
range this was estimated from measurements to be 0.1% or less of the adjacent 
peak. 

(4) Mass 18 was corrected for contributions from the cracking of methane-d, 
and methane-ds. The measured pattern for methane is given in Table‘! and 


TABLE I 


CRACKING PATTERNS OF THE METHANES 








Mass CH, CD, CD;H 





OWN OWN00 
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the patterns given for methane-d, and methane-ds3 were deduced from measure- 
ments on deutero-methane containing > 98% D. The assumption was made 
that (CDs+ + CD:H*)/CD;H* was equal to CD3+/CD,4"*, which, though not 
true, was found to be sufficiently accurate for the purposes in question. A 
similar assumption was made for CX,*+ and CX,*, where X is D or H. On 
this basis the 7p factor of Evans, Bauer, and Beach (2), which they calculated 
to be 0.38 with 55 volt electrons for CH3D, becomes 0.65 for CD3H with 67 
volt electrons. . ; 

(5) It was assumed, without calibration, that the observed ratios, CD4/A, 
CD3H/A, and CD.H2/A, were linear with the true ratios. The observed 
ratios CD,4/CD3H, etc., were assumed to be equal to the true ratios. 


Equilibrium Analysts and Computation 

Equilibrium analyses were made in Expt. 8 in Group A and Expts. 10, 11, 
12,13 in Group B. To obtain an equilibrium analysis for experiments which 
did not reach equilibrium, values from these several experiments were utilized. 


This device is subject to two uncertainties: 


(1) The equilibrium has a small temperature dependence but this is 
relatively unimportant. 


(2) Fluctuations in the behavior of the mass spectrometer caused variations 
in the 20/40 and associated ratios. For 17 analyses in the B group the ratio 
20/40 = 5.82 + 0.22, 19/40 = 0.496 + 0.16, 18/40 = 4.52 + 0.19. Most 
of the variation is attributed to mass 40, since the ratio 19/20 was much more 
reliable at 0.0852 + 0.0015. The discrepancy is ascribed in part to the 
capillary leak and obstruction at that point. Thus for 20/40 there was a 
set of ‘“‘high’”’ values at 6.18 + 0.06 and a “‘low”’ set at 5.67 + 0.10, with no 
apparent cause for the change. 


In spite of these anomalies it was possible, however, to assign reasonable 
equilibrium values to the experiments which did not reach equilibrium. An 
alternative treatment based on the more reliable 19/20 ratio assisted in this 
objective. A plot was made of the 19/20 ratio versus the sum of 19/40 and 
20/40 ratios for all the data using both a linear and a semilog scale, to obtain 
the best curve, from which values of the sum could be read to correct the 
observed values. Thus, the ratios 20/40, 19/40, and 18/40 were each multi- 
plied by the factor (19/40 + 20/40) curve/(19/40 + 20/40)... In this way 
all the data were placed on a common basis. This procedure made more 
apparent the small temperature dependence of the equilibrium, and permitted 
the inclusion of this in the assigned values for equilibrium. Data so obtained 
are designated ‘‘adjusted data.”’ 


This treatment is not strictly valid. It assumes that 19/20 versus (19 + 20) 
is the same at all temperatures. It means that the temperature coefficients 
of the rate-controlling steps in CD,, CH;D, and CDH: kinetics are assumed. 
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equal, which is probably not true. However, the data thus plotted do not 


show a temperature dependence. 


Kinetic Data 

The assembled data were plotted according to the first order relations: 
log (CDs, — CD,,) versus ¢ and correspondingly with CD3H and CD2H2. 
The times were corrected for the volumes of gas removed for analyses by 
assuming that the analysis obtained would have required a proportionately 
longer time interval if no gas had been removed. Methanes are also ‘‘removed”’ 
by the formation of carbonaceous residues on the catalyst, giving smaller 
methane /argon ratios. No corrections were made for this factor. 

The experimental conditions and data as well as the pretreatment of the 
catalyst are summarized in Table II for experiments by Procedure A and in 


TABLE II 


EXCHANGE REACTION. Group A EXPERIMENTS 


















































Time of oe CD, rate constant K’ 
“ Volume of hemp., | 2 : : - 
No. gas, CC. ie, oe ——- Unadjusted Adjusted 
: | data data 
2° 53.0 150 63 79 0.0098 0.0148 
3° 50.0 208 26 77 0.0270 0.0261 
4¢ 50.0 258 18 90 0.0596 0.0600 
5 50.3 207 24 6.5 — 0.0014 
6° on .1 208 24 65 0.0270 0.0277 
7 50.0 208 25 tt 0.0122 0.0116 
80," 42.0 258 111/2 100 0.371 0.359 
in ~ 5 hr 
K’ = Es _ Allogio (CD, — CDs4.,)] 
“Bs Al 


K’ is calculated on the basis of 40 cc. of gas, assuming that Kj = K? (i 


Catalyst Treatments: 

20.9 gm. catalyst, reduced at 400° C. in hydrogen, evacuated 12 hr. at 400°C., washed in 
CH, one hour at 150° C., evacuated. Started (2). 

> Adjusted to 208° C. in the gas from (2), evacuated 30 min. Started (3). 

¢ Adjusted to 258° C. in gas from (3), evacuated 5 min. Started (4). 

4 Adjusted to 208° C. in gas from (4), evacuated 5 min. Started (5). 

¢ Poisoning observed. Evacuated 14 hr. at 208° C., reacted with Hz at 208° C. for 20 hr. 
Evacuated 13 hours at 208° C. Started (6). 

4 Evacuated 20 min. Started (7). 

9 Ho. treatment three hours at 208° C., evacuated 12 hr. at 258° C. Started (8). 

h Hy» treatment 12 hr. at 208° C. after (8), left in this hydrogen at room temperature. 


Table III for those by Procedure B. The catalyst is the same in each group 
with an interval between the two of seven months, during which time it was 
maintained in an atmosphere of hydrogen in the reactor at room temperature. 
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TABLE III 


EXCHANGE REACTION. Group B EXPERIMENTS 






































. , : CD, rate constant K’ 
- Time o er cent (basis 40 cc.) 
No. a rage Temp., °C. | experiment, | approach to 
ee hr. equilibrium | Unadjusted } Adjusted 
data data 
1 55 138 70 0 -- — 
2 54 140.5 97 31 a 0.0022 
3 43.8 140.4 139 83 — 0.0060 
4 41.7 140.6 331 99 0.0132 0.0121 
5 43.1 140.3 89 91 0.0123 0.0120 
6 44.1 129.8 188 91 0.0061 0.0060 
7 42.9 119.3 520 94 0.0027 0.0027 
8 46.1 98.5 513 51 0.00052 0.00064 
9 41.9 154.1 65 97 0.0247 0.0247 
10 36.6 254.5 152 100 2.20 2.47 
in ~ 1.5 hr 
11 36.0 232.7 123 100 1.115 1.110 
in ~ 3hr 
12 SO<2 2129 213 100 499 0.502 
in ~ 7hr 
13 38.7 188.5 20 100 0.175 0.174 
in ~ 20 hr 
| 
Notes: 


(1) No measurable reaction observed in Expt. (1). 


(2) Preceding Expt. (1), catalyst was held at 210° C. for three hours in the hydrogen left on 
after Expt. A (8), then evacuated at 210° C. Hydrogen treatment at ~ 400° C. according 
to Procedure B preceded Expts. (2) to (13.) ; 


(3) Reactor cold traps were at 0° C. for Expts. (1) and (2), and at — 80° C. for (3) to (13). 


CD, Data 


The CD, plots were linear, the adjusted data showing smaller deviations _ 
from the line than the unadjusted. Slight curvature in the direction of slower 
reaction was assumed to be indicative of the onset of poisoning. Fig. 1 shows 
the plot of log k’ versus 1/T for the two groups of experiments. The numbers 
refer to the experiment numbers, giving the order in which they were done. 
The Group A experiments fall into two groups, (1) with an activation energy 
of 4.5 kcal. between 150° and 208° C. and (2) with an activation energy of 
26.1 kcal. between 208° and 258°C. It was thought that this might be due 
to a shift in the dissociative adsorption of methane from CH; + H at the 
lower temperature towards C + 4H in the higher temperature range. It 
emerged that the results were affected by catalyst poisoning, probably carbon, 
the formation of methane by hydrogen treatment at 208° C. confirming this. 


It is also shown by a comparison of Expts. 3 and 6 of Group A with Expts. 
12 and 13 of Group B that hydrogen treatment at 208° C. for as long as 20 hr. 
did not remove all the poison, that some was still retained on sites active in 
catalyzing the exchange. 
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In the experiments of Group B with preliminary hydrogen treatment at 
400° to 420° C. the log k’ versus 1/T plot was linear over the whole tempera- 
ture range, 100° to 255° C., with an activation energy of 20.9 kcal., in good 
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agreement with the value of 19 kcal. obtained. by Morikawa, Benedict, and 
Taylor between 138° and 255°C. For all points except that of Expt. 10 the 
straight line fit was good. In the case of Expt. 10, k’ was low, with indications 
on the plot of log (CD, — CD.) versus ¢ that thermal circulation of the gas 
was beginning to limit the rate. 







In the initial experiments of Group B the activity was low, possibly owing 
to mercury poisoning since the cold trap in B (1) was at 0°C. instead of 
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— 80° C., or possibly owing to carbon poison in a form only slowly removed 
at 400° C. (see below). There is also a possibility that adsorbed hydrogen 
was covering the most active centers. 


CHD; and CH2D, Data 

The methane-d3 and -d: data yielded a first-order plot. These data are less 
certain than the CD, data since they are more sensitive to errors. <A per- 
centage error on CD3H,, or CD3H, and similarly for the -d: compound, 
produces an increasingly greater percentage error in (CD3;H,—CD3H) as 
equilibrium is approached. In the case of the (CDs-CD,,.) the percentage 
error is roughly equal to the percentage error in CD. These variations are 
due to the low equilibrium value for CD,,, and the large values for CD3;H, 
and CD.H2.. Relative to the argon peak, At, the initial and equilibrium 
peaks are 

CD, CD;H CD:H: 


Initial 5.81 0.49 0.01 
Equilibrium at 230° C. 0.69 2.65 4.8 


For these reasons the results with methane-d; and -dz are most reliable in the 
early stages of the experiments. Fig. 2 for Expts. B (8), and B (9) at 98.5, 
and 154.1 gives the rate curves drawn from the adjusted data. The same 
conclusions are derivable from the unadjusted data. 


The initial divergence of the curves in B (8) is real since any errors would 
influence the slope of both methane-ds and -dz in the-same direction. The 
initial -d, slope is slower than the -d3; slope. These slopes are in qualitative 
agreement with an assumption of consecutive reactions, CD, ——> CD;H —— 
CD.H2, with a temporary “accumulation” of CD3H. The fact that 
CD:H2 approaches equilibrium more slowly than CD;H suggests its 
stepwise formation from CD, and CD;H, the second dissociative step 
CD; —— CDz + D being slow relative to recombination steps CD; + D 
and CD; + H, thus requiring a second adsorption step CD;H —— CD:H 
+ Dand a recombination step CD.H + H to form a CD.H: molecule. 
A parallel situation would occur beginning with CHy. As reaction pro- 
ceeds the CD3H slope becomes less than the CD, slope. This can be under- 
stood in this manner, that the desorption step CD; + H ——> CD3H is 
slower than the adsorption step CD, ——> CD; + D, the former controlling 
the rate of formation of CD3;H, the latter the disappearance of CD,. 


B. REACTION OF HYDROGEN WITH SURFACE RESIDUES 


The conditions for the treatment of the catalyst surface after the exchange 
reaction with hydrogen to remove the adsorbed residues, and the experimental 
results obtained are assembled in Table IV. Pressure after evacuation was 
measured with a McLeod gauge placed at the entrance to the reactor. Mass 
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spectrometer data were corrected for background, mass "°C, and the cracking 
of CD:H. and CDHs3, and adjustments were made for the hydrogen and 
methanes removed in the samples. 


The most interesting result, shown in Column 5, is not only that CD, CDs, 
and CD; radicals are present with C on the catalyst surface, but also that 
their concentrations relative to C increase with temperature. There is also 
indication of a slight increase in the ratio CD2/CD with temperature. 

The absolute concentrations of radicals on the surface increase with 
temperature. Thus, between 100° and 235° C., the CD and CD, concentra- 
tions increase about 20-fold, concentration of C about 5-fold. There is also 
a definite, though numerically uncertain increase in CD3. The only experi- 
mental result in the whole series which is at variance with these generalizations 
is B (10), which will be discussed later. 

Rate curves for removal of radicals are shown in Fig. 3. For these curves, 
methane formed from CH and CHg on the surface is subtracted from the 
methane peak and added to the CDH; and CD,H:2 peaks. This adjustment 
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is based on the assumption that the relative amounts of CH and CD, CH: 
and CD; are equal to the H—D ratio in the methane exchange reaction mixture 
and that they react at the same rate with hydrogen. 


In the case of B (5) at 141.5° C. the percentage values of the total recovered 
in 21.25 hr. are plotted as a function of time. Of the C recoverable in that 
time, 73% was obtained in the first hour, while 85% of the CX (where X = 
H + D) was recovered in the first hour. For B (6) at 130.6° C. the corre- 
sponding figures were 67 and 80%. While the data show a greater scatter, 
CX: appears to be removed more easily than CX. 


Fig. 4 shows the effect of temperature on the rate of removal. For B (8), 


beginning at 100° C., the temperature was increased in three stages to 266° C. 
over a period of 36 hr. The data indicate, though the points are sparse, that 
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each temperature increase caused a sharp increase in the rate of removal not 
only of C but also of CX. The rate of removal of CX is again the more rapid; 
a larger fraction of the total comes off more quickly and at a lower temperature 
than with adsorbed C. 

Some possible complicating factors should be noted. (1) It is assumed 
that adsorption equilibrium is attained. This is probable since the primary 
step is CH, ——> CH; + H, and C is always found. In B (5) and B (4) at 
140° C. where the exchange reactions ran for 89 and 331 hr. respectively the 
relative CDH; concentrations were practically identical. (2) Rate of removal 
and isotopic exchange may influence the results. If each species on the 
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catalyst surface reacted at the same rate with hydrogen the relative amounts 
on the surface would be given by the analyses of the received methanes. It 
is known, however, that CX and CX: are removed more rapidly. Increased 
reaction time for C removal introduces the possibility of the exchange reactions 
H. + CDH; = HD + CH, and CH, + CD.H2. = 2CDH3. Although these 
are slow in the presence of hydrogen some reaction will occur in the direction 
of lower CDH; concentration. The temperature dependence also complicates 
the picture. We have selected the one-hour waiting period arbitrarily but 
probably it yields a close approximation to the actual conditions on the 
surface. It does give the relative concentrations of radicals of approximately 
the same activity. (3) The time consumed in the methane-exchange reaction 
also influenced the results. The longer the reaction time the greater the 
production of a less active carbonaceous material. This is clear from com- 
parison of B (8) after 513 hr. at 98.5° C. with B (13) after 20 hr. at 188.5° C. 
(4) Evacuation preceding hydrogen treatment from 0.5 to 2.5 hr. has no 
appreciable effect. The CX, CX2, and CX; radicals are strongly held. 

In B (10) at 256° C., which is abnormal, the methane reaction mixture was 
on the catalyst a proportionately much longer time after equilibrium was 
reached and so carbon deposition could continue relatively longer. The 
progressive dissociation to form C leaves fewer sites for further adsorption of 
methanes and so the absolute concentrations of CD;, CDs, and CD would 
continuously decrease. The dissociation equilibrium would not be altered. 
The ratios CD3;/CDe2 and CD2/CD would be unchanged. This is what the 
data show. The exchange reaction time is therefore another complicating 
factor. 

We discount the importance of isotope exchange between radicals such as 
CD + H = CH + D in presence of the large excess of hydrogen. We have 
grounds also for the conclusion that reaction of adsorbed deuterium with 
carbon on the surface is not an important factor in producing deuterated 
methanes. 


General Discussion 


The results obtained both in the methane exchange reaction and in the 
reaction of hydrogen with surface residues strengthen the concept of a dis- 
sociative adsorption process operating in hydrocarbon reactions on catalytic 
nickel surfaces. The existence of all the various dissociative fragments, 
CD3, CD2, CD, C, CH, CHe, and CH; on the surface is immediately suggested 
by the experimental results. In previous work in this field there has been a 
tendency to speak of the residues on the surface of the catalyst as carbon. 
Beeck and his coworkers (1) have frequently referred to such adsorbed 
materials as ‘“‘acetylenic’’ residues indicating a composition approximating 
(C-H),. The present studies lead to the conclusion that all the various 
possible carbon—hydrogen fragments may be present. 
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The temperature dependence of the relative radical concentrations indicates 
that, at higher temperatures, with a given carbon—hydrogen ratio on the 
surface, the equilibrium shifts in the direction of more highly hydrogenated 
carbonaceous fragments, i.e., larger values of for CD; or CH;. Assuming 
an equilibrium distribution of the adsorbed fragments it is evident that this 
demands an exothtrmic reaction in the general case CHj4; = CH; + H in 
the direction as written or with the corresponding deutero-reactants. This in 
its turn depends on the heats of adsorption of CH;, H, and CH;4: on the given 
surface as well as on the strength of the CH bond formed in reaction. These 
several adsorption values will be a function of the metal employed as catalyst. 
From this point of view it would be important to compare the catalytic metals 
iron, cobalt, ruthenium, and nickel, all of which have been employed in 
Fischer-Tropsch processes of production of hydrocarbons from carbon 
monoxide and hydrogen. 


The stepwise character of the removal of carbonaceous residues by hydrogen 
as the temperature is raised constitutes additional strong evidence of the 
heterogeneous character of the nickel catalyst employed. Radicals of 
different reactivities are obviously present. Also, with time, there is a slow 
transformation of radicals to less reactive species. This is most likely to be 
true of carbon, and this feature is obvious throughout all the experiments 
presented. 

Two. factors, rate and equilibrium, will be operative with a given catalyst 
over a range of temperatures. At those low temperatures where dissociative 
adsorption is actually occurring in the case of methane, the CX; concentration 
could be high owing to the slowness of the further dissociation steps. At 
higher temperatures CX2, CX, and C would play an increasing role until, at 
temperatures where the surface dissociation processes are in rapidly established 
equilibrium, the thermodynamics of the equilibria will be controlling as to 
concentrations. Jn the case of the methane exchange at these temperatures 
the desorption process CX; + X —— CX, and the equilibria will control 
the rate. In the more complex reactions of the Fischer-Tropsch synthesis 
the nature of the received products will again be controlled by the two factors 
of rate and equilibrium here discussed, but in the reverse direction from 
adsorbed carbon and hydrogen atoms by processes of association. We shall 
deal with such problems in more detail in subsequent publications. 
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EXPERIMENTS ON THE PHOTOLYSIS OF AQUEOUS SOLUTIONS 
OF CHLORINE, HYPOCHLOROUS ACID, 
AND SODIUM HYPOCHLORITE! 


By K. W. YounG AnD A. J. ALLMAND 


Abstract 


The photodecompositions of aqueous solutions of chlorine, hypochlorous 
acid, and sodium hypochlorite have been studied under a variety of conditions 
involving a wide range of pH, with particular attention paid to the quantum 
efficiency and to the proportions of the products. Reaction schemes are sug- 
gested to account for the results. 


1. Introduction and Experimental 


The above reactions had all been worked on in this laboratory (1, 2, 3) 
before the work described below was commenced. The original intention in 
taking them up again was merely to make a study of the temperature 
coefficients of quantum yield. The new results, however, differed in detail 
considerably from those of the former workers, and the scope of the experi- 
ments was correspondingly extended. As a consequence of the improved 
methods employed, the data which follow are presented with some confidence. 

Of the sources of error in the older experiments which affected the results, 
one is conjectural, viz., over-neutralization of hypochlorous acid with caustic 
soda when preparing solutions of sodium hypochlorite. We found that a 
small excess of alkali lowered the quantum efficiency very considerably, and 
considerable care was taken in this respect. In addition, two definite improve- 
ments in technique were introduced. Losses during the handling of chlorine 
water by an ordinary Jahowkin pipette were reduced to a very low figure by 
the use of high accuracy pipettes designed by Mr. H. N. Ridyard, of which 
Type I has been described elsewhere (9). Further, in the quantum efficiency 
measurements, the methods already described (4) in connection with the 
photoreaction between iodine and potassium oxalate were employed, the 
small quartz cell containing the photolyte and also the cased thermopile being 
immersed in a thermostat, with great gains both in accuracy and reproduci- 
bility.* 

Little need be added about the experimental methods used. Hypochlorous 
acid was prepared by the method of Taylor and Bostock (10), chlorine was 
taken from cylinders, and all other reagents were of A.R. quality. All three 
photolytes give chloric acid (or chlorate) and oxygen, to the exclusion of 
other products, and the main experiments comprised the study of the effects 
of variations in experimental conditions on (a) the percentage of chlorine 
(hypochlorous acid, sodium hypochlorite) which reacted to give chloric acid 


1 Manuscript received December 27, 1948. 
Contribution from University of London, King's College, London, England. 


* The absolute absorbed intensities were of the order of 0.1 to 2 gm-cal. per hr., or say, 
1-20 X 10'8 quanta per hour, depending on the wave length and on concentration. 
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(chlorate) as a product and (6) the quantum efficiency. In the case of chlorine 
water, the majority of the ‘‘chlorate percentages’’ were determined at room 
temperature, using the full light of the quartz-mercury lamp and quartz 
flasks cooled by a stream of tap water, but when using HCIO or NaClO, the 
flasks were immersed in a thermostat. When determining chloric acid, 
unreacted chlorine (HCIO, NaClO) was estimated by warming with a known 
volume of standard alkaline sodium oxalate solution, acidifying with sulphuric 
acid, and titrating the excess of oxalate with KMnQO,. Appropriate experi- 
ments showed that chlorate was neither formed nor removed by this treat- 
ment. A known volume of standard ferrous sulphate was then added, the 
mixture boiled in an atmosphere of carbon dioxide, and the excess of ferrous 
iron back-titrated. 


2. Results. Percentages of Chlorate Formed in Reaction 


(a) Chlorine Water 

With solutions of initial concentration 0.018-0.085 M, in the full light of 
the quartz-mercury lamp in quartz vessels at room temperature, the % ClO; 
varied between 62.2-64.1 for 95-100% decomposition. For 74-80% decom- 
position, the figures were 61.6-62.4%. The indication that the % ClO; 
may fall with diminishing degree of photolysis is amply confirmed by the 
following results: 
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A rise in temperature slightly increased the % ClO3. Thus, for 93-97% 
decomposition, the figure was 65.6 at 25° and 66.7 at 30°C. 

A few experiments were carried out in glass vessels, and therefore with 
absorbed radiation of considerably longer average wave length. With 
solutions of the same concentration range as above, the following results 
were obtained: 








% Decomposition 20.6 18.5 
% ClO; 37.0 30.4 





Comparison with the above figures indicates a lower % CIOs in light of 
longer wave length. Two other experiments were carried out in glass vessels, 
using very dilute solutions of chlorine, decomposed to completion. 








Concentration of chlorine | 0.00127 M | 0.00186 M 





% ClOs | 35.5 | 27.8 
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Undoubtedly, the lower concentration of chlorine as well as the use of light 
of longer wave length have co-operated here in reducing the % ClO; from the 
figure of 62—64 previously found for a degree of decomposition exceeding 95%. 

Experiments in which chlorine water (0.028 12) was insolated in quartz 
vessels in the presence of 0.5 N alkali-metal chloride (KCI, NaCl, LiCl) to 
73-80% decomposition, showed indications of a slight lowering in % ClO; 
(59.5-61.5). On the other hand, the effects of added HCI were very marked, 
if somewhat complex. 

With moderate additions of HCl (Ch, 0.045-0.068 17; HCl, 0.055- 
0.068 V) and with 85-97% decomposition, the % ClO; was 64.7-65.9, 
slightly higher than in the absence of HCl. With concentrations rather 
outside these limits, figures of 65.7-67.8 were recorded. As before, they 
fell with decreasing degree of decomposition. 











Ch, M HCl, NV % Decomposition % ClO; 
| 
507 0.065 27.0 $2.5 
0.0458 0.065 25.0 45.5 
0517 0.065 19.0 43.8 











Very small quantities of added HCI sufficed to cause this increase. 




















Ch, M HCl, N | 9% Decomposition | % ClO; 
0.0650 0.00913 95 .2 65.3 
0.0527 0.00913 99.2 69.5 





Under identical conditions in the absence of HCI, the % ClO: was 62. 7-63. 4. 


Larger amounts of HCl on the other hand lowered the % C1Qs3. 











Ch, M HCl, N % Decomposition % ClO; 
0.0625 0.154 64.6 59.1 
0.0477 0.196 41.6 49.9 
0.0515 0.243 44.4 32.5 
0.0222 0.340 77.9 24.0 
0.0395 0.850 51.0 ree 
0.0521 1.91 73.8 1.9 














(b) EHypochlorous Acid 

A few measurements only were done with unbuffered solutions of the acid. 
Concentration had no appreciable effect between 0.0362-0.0704 M. In two 
cases where the solution was completely decomposed, % ClO; was 58.3. It 
fell off with decrease in degree of decomposition—thus 51.3 at 62% decom- 
position. 
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A number of experiments were done with solutions buffered with NasHPO,, 
in order to keep down the H’ ion concentration, and hence the formation of 
chlorine. 











NazHPO,, M HCI1O, M Na:HPO,/HCIO |% Decomposition| % CIO; 
0.109 0.0273 a 95 68.9 
0.152 0.0508 3 96 70.7 

20° C.J0.152 0.0868 1.75 85 79.2 
0.326 0.0273 12 100 64.2 
0.326 0.0295 11 100 66.5 
0.326 0.0295 11 67 66.9 

30° C. 0.326 0.0261 12.3 99 66.2 

















The % ClO; values are considerably higher than with unbuffered solutions, 
and increase with decreasing NagHPO,;/HCIO ratio. 

Experiments in presence of 0.5 N KCI (or NaCl or LiCl) gave % ClO; 
values of 56-62 for 80-100% decomposition, i.e., a definite decrease. 

Two experiments with solutions of 0.0289 M HCIO + 0.278 M NaH:PO, 
gave 50 and 53% ClQOs, for 46 and 62% decomposition, respectively, values 
similar to those obtained with the unbuffered acid. 


(c) Sodium Hypochlorite 


The few experiments done are summarized below. | In all cases, the NaClO 
concentration was 0.022-0.026 M, and the percentage decomposition 86-99%. 











Light used Temperature,° C. Added NaOH % ClO; 
Full radiation 20 None 65 .1-69.0 
oO 30 do 63.7 

3655 A 20 do 72 .2-74.0 
Full radiation 20 5% excess 63.7 
do 20 100% excess 46 .9-48.5 














The most obvious effect is that of the addition of alkali. The use of light 
of shorter average wave length increases the value of % ClOs, as with chlorine 
water. On the other hand, any effect of temperature rise is negligible. 


3. Results. Quantum Efficiencies 


(a) Chlorine Water 

Preliminary experiments with the full light of the lamp, in which the 
intensity was varied in the ratio of 6:3 : 2:1 by means of carefully applied 
metal gauzes, the times of exposure being altered in the inverse ratio, showed 
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that the rate of reaction was proportional to the incident intensity within the 


experimental error. 


The majority of the runs were carried out at 20°C., using radiation of 
wave length 3655 A. In view of the necessarily low intensities, the percentage 
decompositions were considerably less than was usually the case when deter- 
mining the % ClO; values, and no systematic connection could be traced. 
On the other hand, the values of y undoubtedly were lower the lower the 
concentration of chlorine. 

















Ch, M % Decomposition Y 
0 .021-0 .039 10-25 0.84-0.99 
0 .0054-0 .013 14-19 0.78-0.79 








ee ee 





The addition of HCI lowered the quantum efficiency, to an extent increasing 
with its concentration. As in absence of added HCl, y fell off as the chlorine 


concentration was decreased. 








Ch, Mf 





0 .028-0 .042 


0.9423 
0.0358 
0.0123 
0.00724 











HCI; N | % Decomposition Y 
0.00391 12 0.76 
0.0195 9 0.65 
0.0235 11 0.59 
0.0236 5 0.54 
0.118 13-15 0 .24-0 .26 
0.118 13 0.26 

— 15 0.24 

os 23-24 0.17-0.20 

— 27 0.18 














The addition of 0.5 N alkali-metal chloride also lowered the quantum 


efficiency very considerably, but to a lesser degree than HCl. 


8% decomposition of 0.0342 M chlorine water, the y values were respectively, 
for solutions containing KCl, NaCl, and LiCl, 0.27, 0.34, and 0.38. The 


effect of wave length was marked. 


For about 











Wave length, A Cl, M % Decomposition Y 
4348 0 .0285-0 .0372 6.6-7.8 0.41 
3655 0.0302 18 0.90 

129 0.0372 11.4 
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The temperature coefficients of quantum efficiency were determined over 
the range of 20°-30° C., including some measurements with 3655 A on solu- 
tions containing some added HCI. The results were as follows. 











Wave length, A Cle, M HCl, NV 730/720 
4348 0.0170 _ 1.46 
3655 0.0170 on 1.40 
3129 0.0170 oe 1.11 
3655 0.0147 oo 1.42 

0.0147 0.076 1.53 
0.0147 0.108 1.60 














(b) Hypochlorous Acid 


No measurements were made on unbuffered solutions. With added 
NasHPOQs,, the following results were obtained (3655 A; 20° C.). 











| 
NazHPO,, M HCIO, M NazaHPOs/HCIO  |% Decomposition| Y 
0.00435 0.00138 a2 22 0.83 
0.108 0.0370 2.9 12 1.96 
0.217 0.0370 5.9 11 1.94 
0.320 0.0241 13 11 1.46 
0.320 0.0270 12 15 1.64 
0.320 0.0370 8.6 10-13 1.63 

















The first experiment clearly brings out the effect of the very low concentra- 
tion of HCIO. The other results show that as the ratio NazgHPO,/HCIO 
becomes less, y rises, as also does the % ClO; (for higher degrees of decom- 
position). Experiments with added 0.5 N KCI and 0.5 N NaCl gave vy 
values of 1.96 and 1.93 with a NagHPO,./HCIO ratio of about seven. The 
effect of the alkali metal halide is thus negligible. A single run with 0.0343 M 
HCIO + 0.326 M NaH2PO;, gave a y value of 1.46. 


The temperature coefficients of quantum efficiency were determined 
between 20°-30° C. for light of 3655 A and 3129 A. They were found to 
be respectively 1.05-1.065 and 1.01-1.02, considerably lower than the 
values for chlorine water. 


(c) Sodium Hypochlorite 

Experiments with 3655 A at 20° C. on supposedly exactly neutral solutions 
of NaClO gave unsatisfactorily reproducible results. With 0.0172-0.0415 M 
solutions, and % decompositions between the limits 12-25, the y values 
fluctuated over the range 1.01-1.40, with no visible systematic dependence 
on either of these variables. Runs with solutions of NaClO overneutralized 
by NaOH gave results which probably explain this behavior. 
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Solution Y 
0.0289 M NaClO 1.18-1.40 (5 runs) 
+ 3.3% excess NaOH 1.00 
+ 6.9% 0.53 
+ 22.7% 0.46 
0.0415 M NaClO +100% 0.44 








In confirmation of this view is the fact that solutions buffered with NasH PO, 
gave reproducible results. 











Nae2HPO,; NaClO NazHPO,/NaClO ¥ 

0.108 0.0326 3.3 1 .23-1.28 (3 runs) 
©.217 0.0447 4.9 1.33 

0.118 0.0012 100 0.90 








As before, the effect of temperature on y was determined for 3655 A and 
3129 A. The ratio y 30/y 20 was found to be respectively 1.08 and 1.05 
for neutral solutions. For a solution containing 100% excess of added NaOH, 
the value for 3655 A was 1.12. 


4. Discussion 


(a) General 

The decadic molecular extinction coefficients of aqueous solutions of 
chlorine and of hypochlorous acid have been determined by Ferguson, Slotin, 
and Style (5) and some figures for the ClO’ ion were published by Allmand and 
Webb (3). We made a number of measurements on solutions of Cle, Cle + 
HCl, HClO and HCIO + NasHPOs,, and the results were in good agreement 
with the data referred to. Over the whole wave length region concerned, 
Acy > Aco > Ancio. Thus, at 3655 A, the respective values are about 
30, 6.5, and 0.9. In addition, in HCIO solutions buffered with NasHPO, of 
the concentration used by us, a high proportion (up to 50%) of the original 
HCIO is present as ClO’ ions. It follows that, as far as the primary process 
of light absorption is concerned, our main experiments fall into two groups:— 


(a) those on chlorine water, 

(b) those on NaClO and buffered HCIO solutions, 
where respectively the Cl, molecule and the ClO’ ion are the important 
absorbing constituents, the HCIO molecule playing quite a minor role. Even 


in the few runs done with unbuffered HCIO, the absorption of light will 
essentially be due to chlorine after the reaction has been in course for some 
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little time. On the other hand, both in unbuffered and also in NasHPO,- 
buffered solutions of the acid, HCIO will be present as a possible reactant, 
whilst in the isolated experiments with NaH2PO,-buffered solutions, it will be 
solely responsible both for light absorption and for subsequent reaction. 


The general concordance between the different reactions in respect of the 
% ClO; produced suggests that, subsequent to effective light absorption, the 
reaction mechanisms are identical, or very similar, in the final stages of the 
reactions, and, as will be seen, we attribute the production of ClO;’ ions in 
all cases to a mechanism involving ClO radicals. Further, the acidity or pH 
of the reaction medium has a marked effect on both y and % ClO3;, and any 
reaction schemes must necessarily account for the main lines of this effect. 
Using 365 values, and neglecting any effects of concentration of reactant or 
of its % decomposition, the results are as follows, where the pH values in 
buffered solutions are calculated in the usual way from the first and second 
dissociation constants of H3PO, and from that of HCIO. 














System | pH Y % ClO; 
HCl + Cl. — 0.3 a 1.9 
1.0 0.2 60 
' | | 
U J 
i2 0.76 67 
Cl. 1.3 (50% decom- 0.90 63 
position) 
Unbuffered HCIO 1.9 (50% decom- . 58 
position) 
NaH2PO, + HCIO 3.5 1.46 53 
Na:HPO, + HCIO is 1.94 79 
| | 
| 
8.1 1.64; 1.46? 64-66 
Neutral or 9.7 1.28 
NasH PO,-buffered | | 
NaClO 63-69 
| J 
10 1.13 
Alkaline NaClO 11 1.0 64 
| | | 
| { 
12.6 0.44 48 














Both y and % ClO; have maximum values near the neutral point. It 
may be mentioned that other workers (ref. (1) and unpublished experiments 
by H. J. Taylor) found values exceeding 80 for % ClOs3 in NasHPO,-buffered 
solutions. vy falls off continuously as the reaction medium becomes either 
more acid or more alkaline. The % CIOs rises from a very low figure at low 
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pH to what we think is a true maximum in weakly acid Cl: solutions, then 
falls, and must clearly rise rapidly between pH 5.5-7.5 (or 7). It is un- 
fortunate that this particular region was not studied, but the point was not 
appreciated when the experiments were being done. From its maximum 
value, % ClO; then falls off as the solution becomes more alkaline, with an 
obvious halt in the region pH 8-11. 

The values of some of the bond energies used later are still the subject of 
discussion. The figures we use are based on standard data, considered in the 
light of recent papers by Weiss (12, 13) and by Walsh (11). D values of 55 
kcal. and 88 kcal. are assumed for the dissociation of aqueous HCIO to Cl + 
OH and to H + ClO respectively, E for Cl-O being taken as 67 kcal. both 
in the free radical and in HCIO. The combined electron affinity plus heat of 
hydration of the OH’ and ClO’ ions are respectively assumed to be 152 and 
120 kcal. 

Finally, one other important experimental result, not referred to in the 
previous sections, must be mentioned. The earlier workers in this laboratory 
noticed (1) in many cases oxygen evolution from Cl, or HCIO solutions after 
irradiation had ceased. Not being able to correlate this observation, within 
their somewhat large experimental error, with a decrease in the titer of the 
solution, they attributed the phenomenon to supersaturation. Careful 
unpublished experiments by H. N. Ridyard have however shown that a true 
aftereffect does exist. Thus, in one case, a 0.042 VW solution of HCIO was 
irradiated until the titer was 0.0218 MW and the % ClO; determined. The 
next day, the titer had fallen further to 0.0178 M, but the chloric acid con- 
centration was: unchanged. This type of result was always found when 
looked for, and is of course evidence of short reaction chains initiated by the 
light. It should be noted that Kauffmann (8) attributed the very slow 
spontaneous decomposition of hypochlorite solutions to a similar chain 
reaction, initiated by HCIO, and suggests a mechanism which we shall also 
employ. 


(b) Chlorine Water 

The primary reaction here (and the important reaction in unbuffered 
solutions of HCIO after the photolysis has been in progress for some little 
time) is 


Cl, + hv —— 2 Cl — 58 kcal. (1) 


The resulting Cl atoms will either recombine, in accordance with the views 
advanced by Franck and Rabinowitsch (6), by 


2 Cl —— Cl, + 55 kcal. (1’) 


or will react with water 






Cl + H,0 (1) —— H’ + Cl’ + OH — 8 kcal. 
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As a higher separation velocity of the Cl atoms produced.in (1) will both 
increase the probability of (2) and also decrease that of (1’), the yield of OH 
groups per absorbed quantum will rise with increasing frequency. The 
endothermicity of (2) will account for the temperature coefficient of the 
reaction, and for its dependence on the frequency of the exciting light. 


The addition of 0.5 N alkali-metal halide, whilst having no effect on the 
% ClOs, lowers y very considerably. This is due to 


Cl’ + OH —— Cl + OH’ — 6 kcal. (3) 

The reaction is endothermic, but the Cl’ concentration greatly exceeds 
those of the other reactants. HCl reacts in the same way, but more strongly, 
and quite a low concentration has an effect. This is obviously attributable to 


H’ + Cl’ + OH —— H.O (1) + Cl + 8 kcal. (2’) 


The OH radicals (and, to a lesser extent, the Cl atoms) emerging from the 
primary process then react with the Cl, and HOCI molecules, or else sooner 


. or later recombine. Clearly, the lower the Cl(HCIO) concentration, the 


more likely will be the latter event and, as would be expected, y falls off 
as (Cle) decreases. 


To understand the role of the OH radicals in initiating further decom- 
position, the evidence for the evolution of Oz, by a chain reaction must be 
considered, and attention paid to the facts that (a) a small addition of HCl 
actually increases the % ClO; whilst larger amounts diminish it and (b) the 
% ClOs3 increases as the % decomposition rises. An examination of the data, 
taking into account the experimental errors, shows that this second effect is 
essentially accounted for by a low value early in the reaction, the subsequent 
stages giving a % ClO; of about 67. To explain this result, which appears to 
be bound up with the relatively high amount of HCIO present initially, 
diminishing as HCI is formed in the photolysis or Capgeg if it is added 
at the start, we suggest the reactions 


OH + HCIO —— H,0O, (s) + Cl + 12 kcal. (4) 
H2O2 (s) + HCIO —— H;O(1) + H’ + Cl’ + O, + 46 kcal. (5) 
H2O2 (s) + Cle —— 2H’ + 2Cl’ + O, + 35 kcal. (6) 


the first of these taking place more easily than any alternative, whether 
involving Cl atoms or OH groups, which helps the decomposition forward. 


As the HCIO concentration falls, the following reaction becomes increas- 
ingly more important 


OH + Chk —— H’ + Cl’ + ClO + 30 kcal. (7) 
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For the ClO radicals resulting from (7), there is the choice of the following 
reactions—either 


ClO + Cl. + H,O(1) —— O2 + 2H’ + 2Cl’ + Cl + 6 kcal. (8) 


followed by 


Cl + Cl + H,O(1) —— 2H’ + 2Cl’ + ClO + 22 kcal. (9) 

or 
ClO + OH —— H’ + Cl’ + Og + 72 kcal. (10) 

or 
2ClO + H,O(1) —— 2H’ + Cl’ + ClO;’ + 36 kcal. (11) 


(8) and (9) constitute the slow chain reaction producing oxygen mentioned 
earlier as responsible for the aftereffect in chlorine solutions. This can of 
course be initiated by primary Cl atoms (9) rather than by OH groups (7) 
and this will tend to happen in presence of much HCl. (10) and (11) involve 
the interaction of two radicals, and will be favored, relatively to (8), the 
higher the radical concentration. The ratio [OH] : [CIO] is kept down by (7), 
and hence also the rate of (10) compared with the rate of (11). 

The result follows that where, for one reason or another, the stationary 
radical concentrations are low, as with much HCI present or in dilute solutions 
of chlorine, the % ClO; will fall off. These conclusions are confirmed by 
experiment. On the other hand, both increasing frequency and rise in 
temperature raise the efficiency of the primary process and consequently also 
the prevailing radical concentration, which explains the observed increase in 
% ClOs. 

The assumption that ClO radicals participate raises the question of their 
possible interaction with water— 


ClO + H,O(l) —— HO: + H* + Cl’ + 12 kcal. (12) 


If this reaction does not take place too quickly, the HO: groups can be 
assumed to disappear by 


HO, + ClO —— H’ + ClO;’ + 24 kcal. (13) 


which will make no difference to the % ClO;3. If, of course, (12) is very 
rapid, then HO, groups can only disappear by reactions giving oxygen, such as 


HO, + OH —— 0, + H;O(I) + 60 kcal. (13a) 
HO, + Cl—— O, + H’ + Cl’ + 52 kcal. (13d) 


and ClO radicals can no longer be regarded as the source of ClO;’ ions. We 
prefer however rather to adhere to our present mechanism than to introduce 
one involving, for example, successive oxidation of HCIO to HClO: and HCIO3. 
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The photolysis of unbuffered HCIO is explicable on similar ‘lines. 
The primary process will be 


HCIO + hy —— Cl + OH — 55 kcal. (14) 
followed by (4) leading to (5) and (6) and (we assume) less easily by 
Cl + HCIO —— HCI + ClO + 33 kcal. (15) 
The subsequent chain reaction involves, in addition to (15), 
ClO + HCIO + H,O(1) —— H’ + Cl’ + O, + Cl + 17 kcal. (16) 


The chain ending processes will be as in chlorine water, the whole sequence 
of steps will more and more resemble the photolysis of chlorine water as 
the reaction proceeds, and the % CIO; will be similar, but lower, because of 
the greater relative importance of (4), (5), (6). 


(c) Sodium Hypochlorite and Hypochlorous Acid Solutions Buffered with 
Disodium Hydrogen Phosphate 


The absorption spectrum of the ClO’ ion can. be regarded as a modified 
electron affinity spectrum. The most direct formulation of the primary 
process would then be 


ClO’ + H,O(1) + hy —— ClO + H + OH’ — 107 kcal. (17) 


The threshold frequency, corresponding to about 2660 A, is however far 
too high, and we suggest instead 


ClO’ + H,O(1) —— Cl + OH + OH’ — 64 kcal. (18) 
proceeding by the coupled steps 


ClO’ + H,O(1) —— HCIO + OH’ — 9 kcal. ; (19) 
and 
HCIO —— Cl + OH — 55 kcal. (14) 


where the threshold is at about 4440 A. 
As is the case, for example, in the photolysis of the sulphites (7) increasing 


alkalinity diminishes the quantum yield. This effect is clearly due to the 
re-formation of ClO’ ions by the reversal of the primary process 
HCIO + OH’ —-— ClO’ + H,O(1) + 9 kcal. (19’) 


The Cl atoms resulting from (18) will react with water 


Cl + H,O(1) —— H’® + Cl’ + OH — 8 kcal. 
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As with chlorine water, both because of this reaction and because of the 
increased effectiveness of separation at their instant of formation of the 
primary Cl atoms and OH groups, y would be expected to increase with rise 
in frequency of the absorbed light. We actually carried out no measure- 
ments of this kind, but the trend of the dependence of the temperature 
coefficients of the reaction on wave length accords with the existence of such 
an effect, both for NaClO and for buffered HCIO solutions. The rise in the 
temperature coefficient in the former case as the pH increases is also as would 
be expected. 

The next stage of the reaction we suggest to be 


OH + ClO’ —— CIO + OH’ + 32 kcal. (20) 
and, where HCIO is present 
OH + HCIO —— H,0.(s) + Cl + 12 kcal. (4) 


As in the case of chlorine water, the lower the concentration of ClO’ and/or 
HCI1O, the more likely are the initiating radicals to recombine. We accord- 
ingly found ¥ to fall with decrease in concentration, both for NaClO and for 
buffered HCIO solutions. 

Step (20), a mere electron transfer, will be relatively very rapid compared 
with (4), which can be neglected both in NaClO and in NagHPO,-buffered 
solutions of HClO. Following on (20), we suggest the chain reaction 
mechanism already put forward by Kauffmann (8). 


ClO + CIO’ + OH’ —-— 2Cl’ + O2 + OH + 28 kcal. (21) 
OH + ClO’ —— ClO + OH’ + 32 kcal. (20) 


The sole chain ending reaction of importance will be (11) thus accounting for 
the high % ClO; found with such solutions of low pH. At higher pH values, 
the rate of (21) is increased, OH’ ions being a reactant, and, owing to the 
lower efficiency of the primary process, the prevailing radical concentration 
will fall; both these effects assist towards a lower % CIOs. 

On the other hand, the small positive dependence of % ClO; on temperature 
rise, using buffered HCIO solutions, and the very definite positive effect of 
increasing frequency found with NaClO solutions (where the effect of tempera- 
ture was inappreciable) are both due to a higher radical concentration arising 
out of a more efficient primary process. 


(d) Hypochlorous Acid Solutions Buffered with Sodium .Dihydrogen Phosphate 
These few experiments are separately treated as they are the only ones in 

which HCIO is the sole reactant to be considered, and the conditions are there- 

fore relatively simple. The primary process will be (14), followed by (4), 
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(5), (6), and by the chain reaction (15), (16), initiated by primary Cl atoms, 
and by those resulting from (4). The sole chain ending reaction of signi- 
ficance will be (11). Oxygen is produced by both (5), (6) and (15), (16). 
The extinction coefficient of HCIO is considerably lower than those of Cle 
and of ClO’ ions, and the stationary radical concentration will therefore be 
rather small. These circumstances adequately explain the relatively low 
values both of y and of % ClOs. 
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ABSORPTION SPECTRUM OF METHYL IODIDE IN THE NEAR 
INFRARED! 


By G. HERZBERG AND LUISE HERZBERG 


Abstract 


The absorption spectrum of methyl iodide in the region 8500 to 25,000 A has 
been investigated with an anemia» ath of 30 m. and pressures up to 200 mm. 
A large number of bands have been ieued most of which can be readily classified 
as//or 1 bands. An assignment of many of these bands to specific overtones or 
combinations of the fundamentals is suggested. In a number of instances the 
splitting of binary or ternary combinations of degenerate vibrations on account 
of anharmonicity is established and found to be in agreement with theoretical 
predictions. 


A. Introduction 


When in a polyatomic molecule a degenerate vibration is multiply excited 
or when two or more degenerate vibrations are singly excited, a state of higher 
degeneracy results as long as the vibrations are considered as harmonic. 
However if the anharmonicity of the vibration is taken into account, there is a 
splitting into component levels none of which has a degeneracy greater than 
that of the fundamental vibrations involved. Thus in a molecule of point 
group C3, a state in which a degenerate vibration of species E is doubly 
excited (v = 2) splits into two states of species A; and E which have slightly 
different energies. A state in which an E vibration is triply excited splits 
into three states of species A; , Az, and E; and so forth. [For more details 
see Herzberg (4)]. The situation is further complicated by the fact that often 
certain symmetric vibrations have very similar frequencies to those of the 
corresponding degenerate vibrations. In addition Fermi resonances with the 
overtones of lower frequency fundamentals may occur. All this results in 
the appearance of a considerable number of bands for example in the regions 
of the first and second overtones of the stretching vibrations. 


Since no such case has as yet been completely analyzed it seemed worth 
while to study these overtones in a simple example in which parallel and 
perpendicular bands (corresponding to A; and E upper states respectively) can 
be readily distinguished. Such a case is methyl iodide. 


The infrared absorption spectrum of methyl iodide between 20 uw and 2.8 uw 
has been investigated by Bennett and Meyer (2), Barker and Plyler (1), and 
Lageman and Nielsen (6). The photographic infrared spectrum below 1.15 yu 
has been studied by Verleger (8). The region between 1.1 and 2.8 uw has 
been investigated by Moorhead (7), but only with a path length of 30 cm. 
It is in this region that the first and second overtones of the C-H stretching 
vibrations lie and in which therefore some information with regard to the 
splitting mentioned above can be obtained. The present study deals with 


1 Manuscript received January 11, 1949. 
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this region, using much greater path lengths. Although further work will be 
required, at higher dispersion, in order to derive complete vibrational formulae, 
the material thus far collected seems to warrant a discussion at this stage, 
particularly since it will be some time before the work can be continued and 
extended. 


B. Apparatus 


The spectrum was investigated with the aid of the infrared prism spectro- 
meter built by Dr. G. P. Kuiper (5), at Yerkes Observatory. This spectro- 
meter uses a lead sulphide photoconductive cell as the receiving element. 
The spectrum is recorded on a Brown recorder. The absorption tube was 
the smaller of the two multiple reflection tubes described by Bernstein and 
Herzberg (3). With 20 traversals used throughout for methyl iodide the 
path length is 30 m. Pressures from 2 to 200 mm. were used. 

A dispersion curve for the instrument was constructed from measurements 
of water absorption lines and helium and mercury emission lines. The water 
lines served also as internal standards in each run. 


C. Description of Spectra, Results 


The most characteristic features of the absorption spectrum of methyl 
iodide in the region considered are the two groups of bands near 6000 and 
9000 cm.—! corresponding to the first and second overtones of the C—H stretch- 
ing vibrations. Recordings of these two regions are shown in Figs. 1 and 3. 
In addition there are very strong absorption bands in the region 4000 to 
4800 cm.—' and less strong but still fairly prominent bands in the region 6700 to 
7600 cm.-! A recording of the latter group is shown in Fig. 2. 

In most cases it is readily possible to classify the bands as parallel or perpen- 
dicular bands. The parallel bands have two absorption maxima at a distance 
of about 20 cm.—' corresponding to the unresolved P and R branches. The 
central Q branch is so weak (because of the small ratio J4/I,) that in most 
cases it is not observed. The spacings of P and R maxima of the // bands 
agree with those found by previous investigators of the same molecule (see 
above). The L bands are much wider and the succession of Q branches of 
the subbands [see ref. (4)] is partially resolved, the separations being of the 
order of about 10cm.-! A good example is the band at 5696 cm.~' in Fig. 1, 
which shows the intensity alternation strong-weak-weak-strong characteristic 
of a molecule with a threefold axis of symmetry and one set of three atoms 
of nuclear spin 3. The classification (// or 1) becomes more difficult in the 
case of overlapping bands. One band was found at 7505 cm.~' (see Fig. 2), 
which has a very strong central maximum with a shoulder on each side 
resembling a // band of a molecule for which J4/Ig is large. We believe that 
this is actually a |: band in which the separation of successive subbands is 
very small. However, the possibility that this band is due to an impurity, 
while unlikely, has not been definitely excluded. 
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Table I gives the observed wave numbers of all the bands measured, with 
the intensities on a rough scale 0 to 100. The wave numbers should be 
accurate to about +3 cm.—! for the sharp peaks of // bands and +10 cm.~? 
for the centers of the broad bands. 


D. Vibrational Analysis 


The fundamentals of methyl iodide have been determined by Bennett and 
Meyer (2) and Barker and Plyler (1). The frequencies of the totally sym- 
metric vibrations are 


vy, = 2969.8 , ve = 1251.5 v3 = 532.8 
and those of the degenerate vibrations (as corrected by Herzberg (4) ) 


vs = 3060.3 vs = 1440.3 Ve = 880.1 


Here it must be noted that the totally symmetric component of the first over- 
tone of v; (that is 2v;) which is observed at 2861 cm. resonates with 7 
* so that the frequency of »; is slightly larger than its ‘‘normal’”’ value. 


For an interpretation of the overtone and combination bands it is necessary 
to take account of the rules governing the resultant species [see ref. (4)]. The 
relations that matter for the present analysis are summarized by the following 
symbolic equations: 


4 Xa = Ai &X@= A, HAXe=E 

(1) eXe=A:+4.+£, (CP? =A +E, () =A: tA:t+E 
(@)! =A +E+E, eX? =A +A, + E+E | 
eXeXe =A +A +E+E+E 


To a first approximation the vibrational levels of methyl iodide can be 
represented by the formula 


B d; d; di, 
(2) Ge...m) =Za(wt+4 +2 2 xmaeluat+s)(e+s5 
i - i k>t 2 2 
a 
+2 gull. 
i k>t 
Here 1,2, . . . ¥§ are the vibrational quantum numbers, d; is the degree 


of degeneracy (1 for nondegenerate and 2 for degenerate vibrations) J; is a 
quantum number of degenerate vibrations which assumes the value 2, , 
%j—2,.... 1 or 0 (it is zero for nondegenerate vibrations irrespective of 
the value of v;); w; is the vibrational frequency (in cm.~!) for infinitesimal 
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amplitudes, and x, and gj are anharmonicity constants. The last term in 
the energy equation is different from zero only if at least one degenerate vibra- 
tion is excited. The/; values 0, 1, 2, 3, 4 correspond to the resultant species 
A,,E,E,A;,+A2, Erespectively if only one degenerate vibration is excited. 
_ Thus the states with J; = v; in a series of overtones (v; = 1, 2, 3, 4,...) of a 


TABLE I 


OBSERVED INFRARED BANDS OF METHYL IODIDE 



























Vyae (observed) Type Intensity Assignment! v (calculated) 
= . Vi 15 Ye + 295(A1) 4113 
4302 ? 80 ve + v4 (E) 4312 
4478 13 100 vy + vs (E) 4500 
4714 P \ ‘ fv + v2 + v3 (Ay) 4755 
4736 R fi : { vi + 2 (Ai) 4730 

f vy + 2 ve (E) 4820 
4826 - 8 1 v2 + v3 + 4 (E) 4845 

V; + Vs + Vs (EB) 4943 
4980 * 0.4 { Vs + vy +-05 (E) 5033 
— 4 1.5 Vo + vs + v6 (Ar) 5192 
5340 2 ? Vy t+ vs + ¥6(A1, E) 5380 
5450 ?4 ? V; a 2 V2 (A) 5473 
; ‘ { 40s (E) 5722 
5696 1 8 { yy S132 
nes | v: + 25 (E) 5 
— 1° ies | Puy + 205 (E) 5921 
5886 yn 40 2 v1 (Ai) 5940 
5987 18 >10 vi + 4 (E) 6030 
= PM 40 24 (A) 6120 
6125 i 15 2”, (E) 6120 
6594 ? 0.1 ? 2, + v3 (Ai, E) 6653 
6751 rn 0.5 2v; + v6 (E) 6820 
— any 3 vi + vs + M6 (A) 6910 
6975 1? 2 2v, + v6 (E) 7000 
7295 rae fat teu 7372 
7357 re. 7 2 2,4 vs (E) : 7380 
505 + 2 2v, + vs (A, E) 5 

8036 1? 0.05 |? v3 +2%+ %(A:,E) 8094 
8191 L ? 0.1 ?2”, + Vs + Ve (Ai, E) 8260 
8335 P\ 0.1 22 1 8441 
8356 R r// ‘ V4 a Vs — V6 (/ i E) 
8672 ae 
poet ay, 9 ? 3, (Ay) 8910 
8723 2 2 
pe f } ? 2m, + m% (E) 9000 
penned R p/P? 3 v1 + 2% (41) 9091 

f 1, + 2, (E) 9091 
rin L* f \ 34 (E) 9180 
oe = a 0.5 34 (A)) 9180 
9552 ? 0.5 
9816 0 
10091 0 
11347 1 4, (Ay) 11880 
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degenerate vibration have species E, E, A: + Az, E,.... giving rise to a series 
of bands with types L, L, //, L,...inthisorder. A striking example of such 
a series is found for methyl] iodide (see below). 

In the region of the first overtone of the C-H stretching vibration the fol- 


lowing binary combinations must be expected. 
2;(A}), V; _ v(E), 2v4(Ai a E). 


Of these 274 would be expected to have the highest frequency since % is larger 
than v,. The band of highest frequency (6125 cm.—!) in the group near 
6000 is a . band and must therefore be interpreted as the E component of 
2v,, the A; component being the // band at 6055 cm.—!, which is the band of 
second highest frequency in this group. This assignment implies that gas 
in (2) is positive (and equal to 17.5) since the A; and E components of 2% 
have /, = 0 and 2 respectively. The binary combinations »; + v4 and 27, 
must be identified with the observed bands at 5987 and 5886 cm. respectively. 
The two remaining bands (of | type) at 5837 and 5696 cm.—! cannot be 
accounted for as binary combinations. However they can readily be inter- 
preted as the E components of v; + 2»; and 4»; respectively if resonance with 

v, + v4 is assumed to cause their comparatively large intensity. The other 
“components of v; + 2y; and 4»; as well as the three components of v4 + 275 
are presumably too much overlapped by the main bands or too weak to be 
detectable. 

In the group of bands corresponding to the second overtone of the C-H 
stretching vibration the following ternary combinations will be expected 


3”;(A}), 2”; aa v,(E), V; _ 2vs(A, + E), 3vs(E + A, + A»). 


Of these, on the basis of the interpretation of the band group near 6000 cm.~', 
that component of 3, that has the highest /, (which is 3) should have the high- 
est frequency. According to the previous discussion this would be a // band 
(unlike the highest frequency band of the 6000 cm.~! group). It seems very 
significant that the observed band of highest frequency of the 9000 group is 
indeed a // band (see Fig. 3). 





Footnotes to Table I: 

1 When several substates arise (see text) only that one is indicated which can give rise to the 
observed band type. 

2 This band shows a clear intensity alternation. The spacing of successive lines is 9.4 cm. 

3 The fine structure of this band indicates overlapping by another band, possibly vs + vs (A1) 
or ¥; + vs (EB). 

4 These bands are badly overlapped by the water bands. 

5 This band shows a clear intensity alternation particularly at higher pressures than used for 
Fig. 1. The spacing of successive lines is approximately 8.6 cm. 


5 These bands are on the slopes of the stronger band 5886. Therefore their intensities and band 
centers cannot be very accurately estimated. 


7 This band is overlapped by the adjacent 1 bands. Therefore the P and R maxima cannot 
be definitely identified. 


8 This band has a strong central branch (see text). 


® This is the band found by Verleger, probably consisting of two overlapping bands. The 
bands show the characteristic intensity alternation. 
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Because of the large number of expected ternary combinations which is 
considerably increased if the slight resonance of 2; with v, or v4 is taken 
into account the remaining observed bands in the region near 9000 cm.—! 
cannot be as uniquely assigned as those in the region near 6000 cm.-'. A 
tentative assignment is presented in Table I. This table includes also the 
assignments for the bands not in the groups thus far mentioned. Those for 
the bands below 5500 cm.~—! seem to be quite definite. Also several of the 
bands between 6000 and 9000 cm.—! seem to be uniquely identified. 

The last column of Table I contains calculated frequencies on the assump- 
tion of harmonic vibrations. A determination of some of the anharmonicity 
constants x; and gj in (2) does not seem profitable on the basis of the present 
data. Work with higher dispersion, which is being planned, seems necessary 
for this purpose. 
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COMPRESSIBILITY OF GASES AT HIGH TEMPERATURES 
I. METHODS OF MEASUREMENT AND APPARATUS! 


By W. G. SCHNEIDER 


Abstract 


Methods and apparatus used for compressibility measurements of gases in the 
temperature range 0° to 600° C. are described. A further method which can be 
used at temperatures above 600° C. is also described. Data for some measure- 
ments with pure helium at 0° and at 600°C. are given, from which the values 
(in Amagat units), 0.527 X 107% per atm. + 0.003 X 10-%and 0.439 X 107% per 
atm. + 0.005 X 107% were obtained for the second virial coefficient at 0° and 
600° C. respectively. 


Introduction 


A program has been undertaken in these laboratories to extend the com- 
pressibility measurements of a number of important gases to higher tem- 
peratures. The present paper deals with the methods and the apparatus 
developed for these measurements. As a test of the method the second virial 
coefficient of helium has been measured at 0° and at 600°C. A more extensive 
series of measurements in this temperature range is now in progress. 


The methods of measurement adopted for the present purpose are based 
on a method first described by Burnett (3). This is an expansion method 
which eliminates the necessity of making volume measurements directly. For 
this reason it is particularly well suited for measurements at higher temper- 
atures where volume measurements cannot be made with the same degree 
of precision as measurements of temperature and pressure. For our purpose 
it is convenient to use a somewhat different notation from that given by 
Burnett and also to modify the procedure for treating the data. It has also 
been found possible to adapt the method to a further modification which 
involves the heating of but one gas pipette. This latter method is particularly . 
useful for measurements at high temperatures. 


Method 


Most of the permanent gases at temperatures above 0° C. and pressures 
below 75 atm. have either linear or parabolic isotherms, which can be accur- 
ately fitted to simple virial expressions of the form 


P V/n = Ar + BrP + CrP? (1) 


where 7 is the mole number. 


For hydrogen and helium the contribution of the third virial term is negligible 
even at 0°C. In such case the second virial coefficient can be obtained in 
a very simple way by Burnett’s expansion method. 


1 Manuscript received November 30, 1948. 


Contribution from the Chemistry Division, National Research Council, Ottawa, Canada. 
N.R.C. No. 1920. 
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Consider two pipettes at uniform temperature TJ connected through a 
pressure valve. Let the volume of the pipettes be V; and Vzz. Suppose n 
moles of gas are originally contained in pipette J at a pressure P; and at 
temperature J. Then 


P,V;/n = Ar+ BrP,. (2) 


Now let the gas be expanded through the pressure valve into the second 
pipette, giving rise to a lower pressure Pzz. Then, since m is unchanged, 


Pr,Vr sa Pr(Vr + Vir) 
Ar + BrP; Ar + BrPr ° 








(3) 


Rewriting and letting P, and Pm4; be any two corresponding pressures before 
and after expansion, 


Prn/Pau = N+ (N — 1) (Br/Ar)Pn, (4) 
where | 
N = (Vi + Vn)/Vr.- 


In practice it is convenient to carry out about five or six expansions over a 
fairly wide range of initial pressures and plot the pressure ratio Pn/Pm41 
against the initial pressure P,,. From the intercept and the slope of the plot 
the ratio Br/Ar can be evaluated. To obtain Br itself an additional relation 
is needed. Using Amagat units, there results from Equation (1) at 0°C. 
(for linear isotherms), 


Ao+ Bo = 1, (5) 
where the subscript 0 corresponds to 0° C. 


Also 
Ar = AoT/T>. (6) 


Thus from a pressure ratio— pressure plot carried out for the same gas at 

0° C. one can by combining (4) and (5) obtain Apo (and of course also Bo). 

Then for any temperature 7, Bz can be evaluated with the aid of Equation (6). 
For gases giving rise to parabolic isotherms Equation (4) becomes: 


Pm/Pmi = N + (Br/Ar)(N — 1)Pm + (Cr/Ar)(PmN — Pmis)Pn. (7) 


Here N can again be obtained from the intercept of the curve, but it is prefer- 
able to measure N directly with a gas which will give a linear isotherm, such 
as helium; then, if NV is known, (7) can be rearranged to give a linear plot 
as follows: 


Pa/Pau — N 
Pn 





= (N —1)(Br/Ar) + (Cr/Ar)(PaN — Pm4i) + (8) 








at 
). 
)). 
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By plotting the left-hand side against (PaN — Pm41), the second and third 
virial coefficients can be evaluated from the intercept and the slope of the 
curve. 

For measurements of the second virial coefficient at very high temperatures 
(or very low temperatures) it is more convenient from the experimental point 
of view to maintain one pipette at the extreme temperature and the second 
pipette at some convenient temperature. For some measurements at high 
temperatures 0° C. was selected as the temperature of the second pipette. The 
ice bath in which the pipette was immersed also served as the cold junction for 
the measuring thermocouples of the first pipette. The same general procedure 
as outlined above can be employed under these conditions. When the isotherms 
are linear, we have in place of Equation (3) above: 


PrVr PuVr Pr1Vo 


- ; 9 
Ar + BrP; Ar + BrPu * Ao + BoPr 0) 








where V7 is the volume of the pipette held at temperature T and V5 the 
volume of that at 0°C. It is assumed that the virial coefficients at 0° C. 


_are accurately known or can be measured by an application of Equation (4). 


Rearranging (9) and again letting P, and Pn: be corresponding pressures 
before and after expansion we obtain: 


P,/ Pas + (Bo/Ao)(Pm ~~ P+) ead (M ad 1)(Br/A T)*PmP m4 


= M+ (M — 1)(Br/Ar)(Pm + Pm), 


where 
Ar Vo ‘a 
M-1=—-—”=-—(N- . 
Ayo Vr Tr, ‘ 1) 
and now 
V V, 
N «= e+ Ss (10) 
Vr 


The third term on the left turns out to be very small and can easily be obtained 
by successive approximation. Hence, as before, By can be obtained analytic- 
ally from any two sets of pressure measurements, but in order to obtain a good 
“smoothing”’ of the data it is preferable to carry out about five or six expan- 
sions (in our case covering a pressure range from 80 to 10 atm.) and plot the 
left-hand member of (10) against (Pm + Pm41). The best straight line, fitted 
by least-squares, is drawn through the points, and from the intercept and the 
slope of the line Br can be evaluated. 


Apparatus 
(a) Pressure Measurements 
The pressure measurements were made with a free piston gauge. The 
gauge block was similar in design to that of Keyes (6), and permitted an 
oscillation of the piston through a 60° angle while measurements were being 
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made. The gauge was calibrated against the vapor pressure of highly purified 
carbon dioxide at 0° C., as recommended by Professor Keyes. The value of 
the vapor pressure of carbon dioxide at 0° C. was taken to be 26144.7 Inter- 
national millimeters of mercury (2). At this pressure the gauge had a sensi- 
tivity of 1 in 100,000. Two pistons having areas of 0.94968 and 1.5451 cm.? 
were used interchangeably. Balance of the loading on the piston was indicated 
by a mercury U-tube having a glass capiilary in each arm so that the mercury 
surface could be observed at all times (see Fig. 1). At the top of each capillary 
was mounted an electric contact in the form of a needle; each needle was 
adjusted to the same height. One arm of the U-tube was connected to the 
piston gauge through an oil line, and the other arm to the gas to be measured. 
At balance an increment of 0.2 gm. on the scale pan of the gauge caused the 
electric needles, which were made to flash small neon bulbs, to make or break 
contact with the mercury in both arms of the U-tube. 


A mercury injector was used to adjust the height of the mercury in the 
U-tube. The weights used with the gauge were calibrated by the Metrology 
Section of the National Research Council. 


(b) Temperature Measurements 

For measuring the temperatures in the range from 0° to 600° C., a platinum 
resistance thermometer was used together with a Leeds and Northrup G-2 
Mueller Bridge. The thermometer was of conventional design but was 
enclosed in a quartz jacket and had been annealed at 640°C. It also was 
calibrated by the Metrology Section of the National Research Council of 
Canada. Comparison of this thermometer with two thermometers con- 
structed and calibrated by Leeds and Northrup (Type 8163) gave excellent 
agreement. 


(c) The Thermostat 

The thermostat consisted of a well insulated stainless steel tank equipped 
with a cover and two high-speed stainless steel stirrers of the type described 
by Beattie (1). A mixture of shaved ice and water was used in the thermo- 
stat for the 0° C. isotherms. Oil was used as the bath liquid below 200° C. 
and a eutectic mixture of sodium, potassium, and lithium nitrates was used 
in the range from 200° to 600°C. Temperature control to better than 
0.01° C. was obtained by means of a stainless-steel-jacketed platinum resist- 
ance thermometer immersed in the bath and connected to a Wheatstone bridge. 
The bridge unbalance was measured by means of a sensitive mirror galvano- 
meter having a 20 ft. optical lever which actuated a photocell-relay circuit. 


(d) The Gas Pipette Assembly 

The gas pipette assembly is illustrated in Fig. 1. The volumes of the 
pipettes were approximately 58 cc. for the first and larger pipette and 28 cc. 
for the second pipette. This ratio of volumes gave a convenient spacing of 
the experimental points on a plot of pressure ratio vs. pressure. The pipettes 
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were made of stainless steel with a wall thickness of 3 mm. All joints were 
welded. Each pipette was surrounded by a stainless steel pressure jacket 
having a 1 cm. wall thickness and joined to a stainless steel capillary by 











PTT TTT TTT} 
o “a . 
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Fic. 1. Gas pipette assembly. 


A — gas pipettes 
; B — pressure vesse!s surrounding gas pipettes 

C — gas connections for B 

D — expansion valve block 

E — vacuum line 
: F — line to compressor and gas supply 
t G — mercury U-tube 

H — glass capillaries 

I — mercury injector 

J — pressure gauge connection 

K — electric needle contact leads 
1 
J means of which a gas pressure (either helium or nitrogen) could be applied on 
é the outside wall of the gas pipette to equalize the pressure within the pipette. 
* By this means change of volume of the gas pipettes with pressure was mini- 
d mized. It should be noted that volume changes of the pipette due to changes 
‘ in temperature will not directly affect the results since the volume-ratio of 
‘ the pipettes is obtained for each isotherm from the intercept of the pressure 
ratio — pressure plot. 

The pipettes were connected by means of stainless steel capillary (0.6 mm. 
bore) to the expansion needle valve mounted on the thermostat cover. The 
expansion valve block, which was water-cooled, also contained two shutoff 

” needle valves, one leading to a vacuum line, the other to a gas supply line from 
c. the gas compressor. The expansion valve (shown in Fig. 2) was designed to 
of keep the gas volume within the valve block small, both before and after 


opening the valve. ‘‘Teflon’’ packing was used for all pressure valves. 
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The expansion valve block was connected to the mercury U-tube by means 
of a 0.4 mm. bore capillary. This together with the small volume in the 
expansion valve block formed the ‘‘dead’’ space or unheated volume of the 



































Fic. 2. Expansion valve block. 


— expansion valve 

— valve to vacuum line 

valve to compressor 

— gas pipette connections 

— connection to mercury U-tube 


boawe 
| 


assembly and had to be corrected for; it comprised about 0.5% of the total 
volume of the pipette assembly. Actually this percentage could conveniently 
have been reduced further by using larger pipettes, but since it was our purpose 
initially to develop a method which could be used at even higher temperatures, 
where a platinum pipette heated by an electric furnace would be required, a 
pipette of larger size appeared impractical. 


Procedure 


The gas to be measured was compressed by means of a mercury piston in 
a large pressure bomb and then forced into the large pipette to a pressure of 
75 to 80 atm. At the same time the pressure was built up in the pressure 
vessel surrounding the pipette and thereafter the pressure inside and outside 
the pipette were kept balanced to within 1 atm. When temperature and 
pressure equilibrium had been obtained the pressure was recorded, and the 
gas was expanded into the second pipette. After the pressure was again 
measured, the expansion valve was closed and the gas in the small pipette was 
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allowed to expand into a gasometer. After evacuating the small pipette, the 
above cycle was repeated. In this manner about six pressure ratios were 
obtained. It was then convenient to repeat the isotherm, starting at a lower 
initial pressure so as to stagger the points on the pressure ratio — pressure plot. 


Corrections and Treatment of Data 


The pressures measured by the piston gauge directly were corrected for 
barometric pressure, for variation in temperature of the piston, and for the 
contribution to the pressure due to the difference in level of the oil at the bottom 
of the piston and at the top of the mercury in the U-tube. Correction was 
also made for the air buoyancy of the weights used with the piston gauge. 


Since there was a small volume of gas contained in the expansion valve and 
in the capillary leading to the mercury U-tube which was not in general at the 
temperature of the thermostat, a small correction had to be applied to the 
measured pressure. For this purpose the total unheated space was divided 
into two regions, the one comprising the volume within the valve block, the 
other the volume of the capillary connecting the mercury U-tube. The mean 
temperature of each region was recorded during the course of the pressure 
measurements, and the volume of each region was determined separately by a 
gas expansion method described by Kaminsky and Blaisdell (5). 


It was found that in order to achieve an accuracy of 1% in the measurements 
of the second virial of helium at 600° C. by the above method, considerable 
care had to be exercised in making the unheated-volume correction; at lower 
temperatures the accuracy is better. With the present apparatus, use of the 
perfect gas law instead of Equation (2) to correct for the unheated space 
would cause an error of 3% in the slope of the pressure ratio — pressure plot 
for the 600° C. isotherm; for the 0° C. isotherm the difference is negligible. 
The general correction factors derived for these cases are given in Appendix I. 


The corrected pressure ratios were then plotted against the corrected pres- 
sures. The best straight line through the points was obtained by a least- 
squares fit. In doing this it is desirable to weight the higher pressure points 
more than the lower pressure points since the relative precision with which 
the higher pressure can be measured is greater. A satisfactory method 
appears to be that of weighting each point in direct proportion to the absolute 
value of the pressure as shown on the abscissa. The values of the intercept 
and slope obtained from the weighted least-squares fit are then used to cal- 
culate the second virial coefficient (and also the third virial coefficient where 
Equation (8) above is applicable). 


Results and Estimate of Errors 


Table I shows a typical set of results obtained for pure helium with both 
gas pipettes maintained at a temperature of 0° C. The corresponding pressure 
ratio — pressure plot is shown in Fig. 3. Two series of expansions were carried 
out; six expansions were made in the first series, and five in the second. The 
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TABLE I 
EXPANSION DATA FOR HELIUM AT 0° C. AND At 600° C. WITH BOTH PIPETTES AT THE SAME 
TEMPERATURE 
Temp., ts Pressure, Pressure — 
5. oe Expansion atm. ratio (Pm/Pm41) Weight 
0 Series I 
1 Po 76.5380 1.506071 76.5 
Yas 50.8196 
2 F pid 50.8187 1.499618 50.8 
P2 33.8877 
3 PY 33.8869 1.495257 33.9 
P; 22.6630 
4 P;! 22.6629 1.492231 22.7 
P, 15.1873 
5 Py 15.1874 1.490543 15:2 
Ps 10.1892 
6 Pe 10.1896 1.488908 10.2 
Ps 6.8437 
Series II 
1 Po 66.1948 1.503462 66.2 
P, 44.0282 
2 dig 44.0266 1.497851 44.0 
P, 29.3932 
3 P,! 29.3929 1.493981 29.4 
P3 19.6742 
4 P; 19.6730 1.491499 19.7 
P, 13.1901 
5 Pi 13.1899 1.489778 3.2 
Ps 8.8536 
600 Series I 
1 80.6624 1.492943 80.7 
54.0291 
2 54.1015 1.491103 54.1 
36.2829 j 
3 36.3318 1.490007 36.3 
24.3836 
4 24.4149 1.489043 24.4 
16.3964 
rs 16.4178 1.488681 16.4 
11.0284 
.488260 
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TABLE I—Concluded 


EXPANSION DATA FOR HELIUM AT 0°C. AND AT 600° C. WITH BOTH PIPETTES AT THE SAME 


TEMPERATURE—Concluded 
































Temp., . = Pressure, Pressure bates 
oC. Expansion pening ratio (Pm/Pms1) Weight 
600 Series II 

1 67.0778 1.491991 67.1 
44.9586 
2 45.0184 1.490505 45.0 
30.2035 
3 30.2433 1.489634 30.2 
20.3025 
4 20.3296 1.488978 20.3 
13.6534 
5 13.6722 1.488424 is.7 
9.1857 
orc] sore. | ,' I l |! 
1.606 [— 1.498 


Pressure Ratio (fn/p.,,) 





1.602 


1.498 


1.494 


1.490 


1.486 


1.4862 


Fic. 3. Plot of pressure ratios against pressure for helium at 0° C. and at 600° C. 
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pressure after any one expansion, say P;, differed slightly from the initial 
pressure to be used for the next expansion (indicated by a prime), in this 
case P;, due to a slight volume change occasioned by the closing of the 
expansion valve. Hence in each case it was necessary to remeasure the pres- 
sure after the expansion valve was closed, and to use this value of the pressure 
together with that obtained after the valve was subsequently opened, in order 
to obtain the correct pressure ratio. 


A least-squares fit to the weighted points gives for the 0° C. pressure ratio - 
pressure plot 


Pn/Pm41 = 1.487600 + 0.256365 X 10-* Ph, 


with a probable error of the slope equal to 0.775 X 10- atm.—', and a 
probable error for the intercept of 40.5 X 10-*. This leads to a precision 
of the second virial when evaluated from the plot of Fig. 3, of 1/330. The 
over-all possible error, taking into account all errors and corrections, is 
somewhat greater than this and is estimated for the 0° C. measurements 
to be approximately 0.5%. The values of the first and second virial 
coefficients at 0° C. obtained from the above values of the intercept and slope 
with the aid of Equation (5), are, in Amagat units: 


Ao 


0.999473; 


By 


0.527 X 10-* per atm. 


For comparison, the value of the second virial coefficient of pure helium at 
0° C. given by Holborn and Otto (4) is 6.524 & 10- per atm. 


Similar series of measurements with both pipettes at 600° C. are also given 
in Table I and the corresponding plot is also shown in Fig. 3. The ordinates 
in this case are plotted on twice as large a scale as was used for the 0° C. plot. 
The intercepts for the two plots are slightly different owing to an alteration in 
the pipette assembly which changed the volume ratio. The value of the second 
virial coefficient at 600° C., evaluated from the plot by least-squares, is in 
Amagat units 0.437 X 10-* per atm. No values at this temperature were 
found in the literature for comparison. The over-all error in the measurement 
at 600° C. is estimated to be about 1%. This error could be reduced some- 
what however by employing larger gas pipettes. A series of measurements 
of the second virial coefficient of helium in the temperature range 0° to 600° C. 
at 100 degree intervals, employing the method illustrated by Fig. 3, is now in 
progress. 

Table II contains data for two series of expansions obtained with one 
pipette maintained at 600° C. and the second pipette at 0° C. Fig. 4 shows 
the corresponding plot for these measurements, where the ordinate G(Pn, 
Pm41) is the left-hand side of Equation (10). To evaluate the ordinates a plot 
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TABLE II 


EXPANSION DATA FOR HELIUM AT 600° C. WITH THE SECOND PIPETTE AT 0° C. 











Pa/Pu 1 + 
Expansion egy (Bo/Ao)(Pm mo Pmsi) — Pm p Ahh ’ Weight 
= (M —_ 1)(Br/Ar)? Pak ws ‘ 
Series I 

1 82.6650 1.619951 134.2123 134.2 
1.5473 

2 51.7924 1.615830 84.0498 84.0 
32.2574 

3 32.4102 1.613153 52.5817 52.6 
20.1714 

4 20.2665 1.611701 32. 726 32.9 
12.6060 

5 12.6662 1.610334 20.5441 20.5 
7.8779 

Series II 

1 70.0769 1.618401 . 113.7499 113.7 
43.6730 

2 43.8801 1.614629 71.2034 71.2 
27.3233 

3 27.4523 1.612433 44.5353 44.5 
17.0830 

4 17.1642 1.611099 27.8405 27.8 
10.6763 

5 10.7271 1.610314 17.3975 17.4 
6.6703 

















was first made neglecting the third term on the left of Equation (10). From 
this plot a preliminary value of Bgoo was obtained, which was then used for 
the first approximation in an iteration procedure to evaluate the quadratic 
term in Equation (10). The final curve, shown in Fig. 4, was fitted by least 
squares with the result: 


G(Pm, Pmy1) = 1.608761 + 0.838337 XK 10-*(Pn + Pri). 


From the values of the slope and intercept we obtain for the second virial 
coefficient at 600° C. (again in Amagat units), Beoo = 0.440 & 10-* per atm., 
in good agreement with the value obtained with both pipettes at the same 
temperature. The present method, whereby one pipette can be heated in a 
furnace and the other immersed in an ice bath, is now being employed for 
further measurements of the second virial coefficient of helium at 600° C. 
and above. 
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SCHNEIDER: COMPRESSIBILITY OF GASES AT HIGH TEMPERATURES 
APPENDIX I 


Correction to the Measured Pressures of the Two-Pipette 
Compressibility Apparatus Due to Small Unheated Gas 
Volumes 
Suppose the two pipettes at the one temperature. 


Let P. be the measured pressure and P; the corrected pressure which the 
gas would have if the total volume of gas were at a temperature 7, then 


P, = FP., (1) 


where F is a correction factor. To evaluate F we consider a mass of gas con- 
tained at a pressure P, in a volume subdivided into several regions v; each at 
a different temperature ¢;. If V is the total volume, 


Dv; = Vz (2) 


We shall consider two cases: 


Case 1 

When the temperatures ¢; are not very different (less than 100 degrees) 
from the temperature of the pipettes, J, the perfect gas law equation is suffi- 
ciently accurate to compute F. Then we may write 


P; Xv; (°) 
ef ka es 3 
Fr P.2 i, (3) 


where the summation extends to all volume regions of different temperature, 
including the pipette volume, at temperature 7. Thus, 


rz(®) 
tls 


a cai 4 
F= ~ (4) 


Case 2 

When the temperature of the unheated space is quite different from that 
of the pipettes, a more refined correction than that given by (4) is necessary. 
For this purpose we use instead of the perfect gas law: 


PV = mRTW(P) (5) 


where » is the mole number and R the gas constant, and where, for the case 
of the virial law PV/n = Ar + BrP, 


Y(P) = (1+ BP), (6) 
B’ being B7/Ar. Then Equation (3) becomes: 


P, 20; 


an 7? "Agam),: @ 
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Substituting from (1) for P;, using (6), and letting 


Uv 
= ——-} , 8 
sili (wae), 7 


ST ea (9) 
V — STBrP. 


we obtain 


F= 





It is assumed here that the boundaries of each volume region are sharply 
defined and that the temperature is uniform throughout each region. Actually 
in practice there is a temperature gradient near the boundary of each volume 
region and in applying (4) or (9) a mean temperature for each region is used. 
The error introduced by this approximation depends on the experimental 
arrangement, and with care can be made negligible. 

There will be a correction factor of the type given by (4) or (9) before 
expansion of the gas, involving only the volume of the first pipette and its 
associated unheated space; and a second factor, after the gas is expanded, 
which involves the volumes of both pipettes and their associated unheated 
volumes. 

Also for (9) a knowledge of B’ at each of the temperatures ¢; is required to 
evaluate F. 

For routine computation (9) can be expanded in a power series in the 
pressure P,, and to a sufficiently good approximation (in the temperature 
range 0° to 600° C.) is given by: 


F = Fi — aP.), (10) 


where Fp is the correction factor (assuming an ideal gas law) given by Equation 
(4), and @ is a coefficient which can be evaluated by computing F by Equation 
(9) for a single measured pressure P,. Then for all other measured pressures 
(assuming the “‘dead’’-space volumes and temperatures to remain constant), 
the correction factor can be obtained from (10). 

In the case for which the two pipettes are at different temperatures, similar 
treatment yields a quadratic equation whose solution is the correction factor F. 
Again, however, Equation (10) can be used. 

















USE OF THE CATHODE RAY OSCILLOGRAPH IN THE 
MEASUREMENT OF METAL AREAS AND THE KINETICS OF 
ELECTRODE REACTIONS! 


A. T. HuTCHEON? AND C. A. WINKLER 


Abstract 


A commercial type cathode ray oscillograph has been used in conjunction 
with three stages of direct current amplification to give suitable voltage ampli- 
fication in the range 0.001 to1v. The effect of traces of grease in diminishing 
the measured surface area of silver amalgam has been observed. Curves are 
shown for the determination of cadmium surface areas and rate of increase of 
cadmium polarization. 


Introduction 


The instrument to be described in this paper was developed to obtain 
information on the change in surface area during cadmium deposition, with a 
view to finding ‘‘true current density” — polarization relations. The advan- 
tages of the cathode ray oscillograph (C.R.O.) for measuring the rate of 
electrode potential increase were early recognized by Newbery (8) and it has 
been used consistently by him since that time (6, 9). 

In principle, the C.R.O. is utilized by suitably amplifying the potential 
between the electrode under observation and a reference electrode, and apply- 
ing the amplified potential to the Y-axis plates of the C.R.O. A trace of 
potential vs. time is made on the screen. The size of the trace is conveniently 
controlled by adjustment of the sweep velocity and the electrolyzifg current 
(or amplification). 


In the measurement of the rate of electrode potential increase, the following 
characteristics are desirable in the measuring instrument (6). 

(a) Ability to operate on minimum power in order that negligible current 
be drawn from the cell under observation i.e., high input impedance. 

(6) Rapid response to potential change since many electrode potentials 
are established in a fraction of a second, i.e., negligible inertia. 

(c) Variable sensitivity control to cover a broad range of potentials. 

(d) Variable sweep frequency, as low as 1 c.p.s.. 

(e) Automatic recording of the time and potential. 

The negligible capacity and broad frequency range adjustments of the new 
types (Du Mont 208-B) of C.R.O. make them particularly suitable for condi- 
tions (b) and (d). To obtain high sensitivity, the C. R. O. must be used in 
conjunction with a direct current amplifier. Progress in electronics has made 
the difficulties attending d-c. amplification somewhat less formidable, and, 


1 Manuscript received in original form October 16, 1948, and, as revised, February 11,.1949. 
Contribution from the Physical Chemistry Laboratory, McGill University, Montreal, Que. 
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granting amplifier stability, the C.R.O. is superior to the Einthoven galvan- 
ometer (1) or the moving coil oscillograph (2, 3-5) in rapidity of response and 
versatility. 
Experimental 
A. DESCRIPTION OF APPARATUS 


Some modifications in the commercial type 208-B Du Mont C.R.O. were 
necessary. The vertical or Y-axis a-c. amplifier was replaced by a d-c. 
amplifier. A single sweep circuit was added to control the X-axis and, in 
conjunction with this, a time-delay relay circuit to switch current on to the 
electrolysis cell after the spot had begun its traverse. A diagram of the 
complete circuit, excluding that of the C.R.O. itself, is shown in Fig. 1. 


(a) Input Circuit 

The particular design adopted for this circuit was necessary to reduce to 
a minimum a troublesome switching transient, which revealed itself by drastic 
deflections of the spot when the electrolyzing current was turned on. This 
transient was attributed to current leaks to ground and stray capacities to 
ground in the input circuit. All parts of the input circuit were insulated from 
ground by blocks of paraffin and placed at a distance of at least 8 in. from a 
grounded shield which completely enclosed the input circuit, the electrolysis 
cell, and the first two stages of amplification. With the resistances symmetric- 
ally placed with respect to the cell, this transient could be almost completely 
eliminated by adjusting R; and R,. A 90 v. dry cell battery B; supplied the 
electrolyzing current through variable resistances Ri_¢, totalling 108 megohms. 

The current to the cell was measured by determining the potential drop 
across a known resistance (R; , Rs , or R9) with a Leeds and Northrup potentio- 
meter. The same potentiometer was used to measure the cathode-calomel 
potential and in the calibration of the Y-axis amplification. This calibration 
was made by impressing a suitable voltage from the bias battery By, directly 
on the amplifier input, photographing the deflection so produced, and measur- 
ing the voltage applied with the potentiometer. Battery Bz was primarily 
included to oppose the cathode—calomel voltage and thus reduce the ‘zero- 
electrolyzing-current’ signal to the amplifiers. It also served to reduce the 
current flowing in the cathode-calomel circuit, although this was already 
negligible with an amplifier input resistance of 10’? ohms. 


(b) D-c. Amplifiers 
Three stages of amplification covered the potential ranges: 


1.0 to 0.1 v. Stage 3 
0.1 to 0.01 v. Stages 1 + 2 
0.01 to 0.001 v. Stages 1+2+4+ 3 


In each, the ground point was the cathodes of Stage 3, and the chassis or 
“sround” of the C.R.O. was about 60 v. positive to ground potential to give 
proper focusing of the spot. Stage 3 was powered from the 110 v. a-c. main 
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through a Sola voltage regulator. Stages 1 and 2 operated on dry cell batteries 
to avoid a-c. pickup and voltage fluctuations (in the main voltage line) in the 
early stages of amplification and to avoid the difficulties in direct coupling 
two a-c. operated stages. The input resistance was 10° ohms for stage 3 and 
10’ for Stage 1. The advantages of the ‘‘push—pull” arrangement for stability 
are well known (7), and the amplifiers gave good square wave response to a 
d-c. signal from a noncapacitive, noninductive test circuit. 

Y-axis calibrations of Stage 3 and of Stages 1 + 3 are given in Fig. 2 to 
illustrate the degree of linearity. Calibration was made on each film to safe- 
guard against any minor variations in the setting of the amplification controls, 


Ry, Ri6,17 ’ Rig,20 . 
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(c) Single Sweep Circuit 

Since a photograph was to be taken of the trace on the curved cathode ray 
tube screen, it was necessary to be able to position the potential build-up 
curve in the center where the curvature error would be a minimum. This was 
accomplished by using a combined single sweep and switching control as shown 
in Fig. 1. The grid of the thyratron 6Q5G in the X-axis circuit was biased 
to ‘‘cutoff”’ by charging the condenser C; through the variable resistor Ro; when 
switch S was turned on. By suitable adjustment of Ry; and C; , the thyratron 
was made to “fire” once and give a single sweep. When switch S was off, 
C; was ‘“‘grounded”’ to the chassis potential. S was a triple-pole double- 
throw switch to which was also connected the battery circuit. By adjusting 
the spring tension on the mercury relay, the electrolyzing current was turned 
on at the correct interval after the sweep had started. 


(d) Cell 
The cell, Fig. 1, was of the same general design as that of Bowden and Rideal 
(1). It was of Pyrex, with two 400 cc. bulbs joined by a capillary through a 
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three-way stopcock. A second three-way stopcock permitted hydrogen to 
be bubbled through the solution in each half of the cell or to be passed over the 
solution. The capillary minimized diffusion of oxygen from anode to cathode 
compartments. All electrodes were sealed into ground glass joints so that the 
solution could be boiled under reduced pressure and hydrogen admitted with- 
out allowing air to enter the system. Contact was made between the calomel 
electrode and the solution through a closed stopcock wetted with solution and 
a fine capillary wetted with electrolyte (V/5 sulphuric acid). 


B. PROCEDURE 


The procedure was essentially that outlined by Bowden and Rideal (1). 
Impurities and oxygen were eliminated from the system as completely as 
possible and then a clean, freshly prepared electrode was immersed in the 
solution. 


Preparation 

(1) Hydrogen 

Electrolytic tank hydrogen was freed from oxygen by passing it through a 
silica tube, 60 cm. long and 2 cm. diameter, packed with silica chips and main- 
tained at a temperature of 900° to 1000°C. The hydrogen finally passed 
through a potassium hydroxide bubbler before reaching the cell. 


(2) Water 
Distilled water was redistilled in a silica still and stored in silica vessels. 
The conductivity of the water was in every case less than 2.5 & 10-* mho. 


(3) Sulphuric Acid 
Merck reagent grade sulphuric was redistilled in a silica still. Spectro- 
graphic analysis failed to show traces of metals. 


(4) Cadmium Sulphate 


Reagent grade cadmium sulphate was twice recrystallized from redistilled 
water. 


(5) Cathode 


Where silver amalgam was the cathode, a pure silver strip, 2 cm.? in area, 
was freed of oxide and dissolved oxygen by heating at 300° C. in an atmosphere 
of nitrogen. The mercury was freshly distilled and stored under concentrated 
sulphuric acid before use. Both silver and mercury ultimately had to be 
exposed to air before immersion but the exposure was kept to a minimum by 
covering the silver with mercury in a nitrogen atmosphere and by having a 
film of concentrated sulphuric acid over the mercury while the process of 
rubbing the mercury into the silver, with another strip of silver, proceeded. 
For experiments in which grease was not excluded, one side of the amalgamated 
strip was covered with paraffin. 
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In experiments with cadmium, spectroscopically pure metal (99.99+%), 
machined to fit a standard tapered Pyrex joint, was freshly cut with a bottom- 
ing tool in an atmosphere of hydrogen and immediately immersed in oxygen- 
free electrolyte. A slight hydrogen pressure in excess of the static pressure 
head of solution was maintained behind the electrode. Prior to the prepar- 
ation of the cathode, N/5 sulphuric acid was placed in the cell and degassed 
under reduced pressure for 12 hr. Hydrogen was then bubbled through the 
solution for an additional 12 hr. and the freshly prepared cathode was immersed. 
In some experiments, a negative potential was applied to the cathode during 
immersion and the solution electrolyzed for some time before measurements 
were taken. That this appears to remove oxygen (10) has been confirmed 
in the present experiments. The stopcock between the anode and cathode 
chambers was kept closed in grease-free experiments, since the film of solution 
with which it was wetted was sufficient to conduct the small currents used. 
This assured negligible diffusion of oxygen to the cathode chamber. 

The potential build-up curves were in no instance linear immediately after 
the electrode had been immersed. It was assumed that traces of oxygen were 
still present in the solution; electrolysis for 10 or 15 min. or additional bubbling 
with hydrogen usually permitted linear curves to be obtained. The im- 
portance of removing oxygen cannot be overemphasized. 

The photographic procedure was to expose the screen, then the overvoltage 
build-up curve, followed immediately by calibration of the X-axis with a 
60 cycle a-c. signal and the Y-axis with a known voltage, i.e., there were four 
separate exposures on the same film. 


Results 


As an illustration of the use of the apparatus in the three voltage ranges, 
results are presented for the rate of increase of hydrogen overvoltage on silver 
amalgam and on cadmium, and of the rate of increase of polarization at a 
cadmium electrode in 1 N cadmium sulphate solution. All experiments were 
made at a room temperature of about 24° C. 


A. Surface Area of Silver Amalgam—Stage 3 of Amplification 

(a) With Paraffin and Grease in the System. 

Film 1, Plate I, shows the rate of increase of hydrogen overvoltage on silver 
amalgam in N/5 sulphuric acid at 24°C. The apparent current density was 
2.5 X 10-> amp. per cm.?, the Y-axis amplification 0.25 v. per in., and the 
X-axis calibration, 0.23 sec. per in. Taking the slope from Film 1 for X : Y 
as 1 : 2, the value of I'* can be calculated as: 


r _ 2 X 10-5 x 0.23 
- 2X 72.5 





= 9.2 X 1077 coulomb per cm.’ per 100 mv. 


Bowden and Rideal give an average value of 6.7 X 10~ for I’. 


* T ts the amount of charge in coulombs necessary to cause an increase in overvoltage of 100 mv. 
for each apparent square centimeter of surface. I’ X 10° gives the capacity in microfarads. See 
reference (1). 








FILMS 1 to 6. 
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(b) Grease-free Conditions 

With a Y-axis amplification of 0.41 v. per in. Film 2 was obtained, from 
which I may be calculated to have the value 16 X 10-7 coulomb per cm.” per 
100 mv. This is somewhat lower than the value of 20 uf. per cm.? obtained 
by electrocapillary maximum data and by direct measurement of the capacity * 
of the double layer by a capacitance bridge by Proskurnin and Frumkin (10). 
However, it is in much better agreement than the results in which grease was 
not eliminated. The result is probably low owing to difficulties in avoiding 
contamination of the amalgam during its preparation, since it was not con- 
venient to use a mercury cup (10) to obtain a very clean surface. 


B. Surface Area of Cadmium—Stages 1 + 3 of Amplification 

(a) The Y-axis amplification was 0.042 v. per in. for Film 3. Pure metallic 
cadmium was filed with a tool steel file and immersed in N/5 sulphuric acid. 
From Film 3, the value of [T° is calculated to be 120 X 10-7? coulomb per 
apparent cm.” per 100 mv. This corresponds to an accessible area six times 
planar, on the assumption that [ = 20 X 10-7 for a plane surface. 


(b) For Film 4, the Y-axis amplification was 0.046 v. per in. The cadmium 
cathode was freshly cut with a sharp steel bottoming tool and immersed in 
N/5 sulphuric acid. Calculation yields a value of 40 X 10-’ coulomb per 
apparent cm.? per 100 mv. for I’, and an accessible area to hydrogen of twice 
planar. 


C. Cadmium Polarization—Stages 1 + 2 + 3 of Amplification 

Films 5 and 6 show the rate of increase of cadmium polarization when the 
current densities were 5.5 X 10-> amp. per apparent cm.’ respectively in a 
solution of 1 N cadmium sulphate, N/10 sulphuric acid, in which were im- 
mersed a cadmium cathode and cadmium anode. The Y-axis amplification 
was 3 mv. per in. in each film and the X-axis calibration 0.1 sec. per in. in 
Film 5 and 0.05 sec. per in. in Film 6. 
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NATURAL VARIATIONS IN THE ISOTOPIC CONTENT OF 
SULPHUR AND THEIR SIGNIFICANCE! 


By H. G. THope, J. MACNAMARA, AND C. B. COLLINs? 


Abstract 


Mass spectrometer abundance measurements made on the isotopes of sulphur 
for samples obtained from a wide variety of sources show considerable variations. 
The isotopic ratios S*/S*3 and S*2/S* were found to vary by as much as 2.5 and 
5% respectively. This would mean a corresponding variation of 10% in the 
S®/S** ratio. Variations in the S*/S* ratio were determined with a precision of 
+ 0.05%. In general, sulphates whether present as gypsum deposits or in 
solution were found to be enriched in the heavier isotopes of sulphur. On the 
other hand, the hydrogen sulphide of sulphuretted well waters was usually low 
in these isotopes even though present in the same solutions with the sulphates. 
These variations are in the direction expected from theoretical considerations. 
A correlation between crystallization temperature of pyrites and isotopic con- 
tent has been found for crystals removed from the same specimen. However, 
no correlation was found between crystallization temperature or geological age 
and isotopic content for pyrite samples collected from different geographical 
locations. The results indicate that the changes in the isotopic content of 
sulphur that occur are related to the differences in chemical properties of isotopic 
sulphur compounds. 


Investigations of the sulphur isotopes have revealed for the first time 
relatively large variations in their abundances depending on the source of 
sulphur. Numerous samples have been studied to determine as much ‘as 
possible the meaning of these variations. Details of these investigations are 
discussed in this paper. 

In 1927, Aston (1) showed that sulphur was a mixture of isotopes consisting 
of S*, S*, and S* present in abundances roughly proportional to the numbers 
96, 1, and 3 respectively. Later, A. O. Nier (7) (1938) announced the 
discovery of S** and gave abundance data for the sulphur isotopes believed to 
be good to 2%. Results reported in this paper show that these abundances 

vary from sample to sample by as much as 5% for S* and 10% for S**, depend- 
ing on the origin of the sample. 

Urey and Greiff (18) were the first to show from theoretical considerations 
that the isotopes of the light elements hydrogen, lithium, boron, carbon, 
nitrogen, and oxygen did differ slightly in their chemical properties. Their 
calculation of exchange constants for isotopic reactions showed that slight 
fractionation of these isotopes could occur in nature and in the laboratory. 
The energy, entropy, and free energy of substances depend on the vibrational 
frequencies of molecules and these depend on the masses of the atoms. 
Equilibrium constants for isotopic reactions can therefore be calculated by 
the well known methods of statistical mechanics. H. C. Urey (17) has 
recently made a comprehensive study of many possible isotope exchange 
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reactions involving the light elements. These investigations did not include 
the isotopes of sulphur, for which calculations are now underway in this 
laboratory. 

The early predictions of Urey and Greiff (18) that slight fractionation of 
the light element isotopes can be expected has been verified many times. 
Dole (3, 4) and his coworkers made extensive investigations of the isotopic 
content of oxygen in samples of water, air, and minerals. Their results, 
which were obtained by a very sensitive density method, indicated up to 3% 
variations in the abundances of the oxygen isotopes. Similar variations have 
been reported for the carbon isotopes by Nier and Gulbransen (8), and Nier 
and Murphy (9). Their results indicate a high C™ content in limestone rock 
and other inorganic sources and a low C® content in carbon of vegetable 
origin. 

In spite of these variations found, the view still prevails that the abundances 
of isotopes are remarkably constant in nature. This is perhaps due to the 
fact that the small variations (1 to 4%) in the isotopic content of the com- 
paratively rare isotopes C™, N15, and O'§ have little effect on the properties of 
the isotopic mixtures and also to the fact that these variations have been 
associated with only a few of the light elements. Recent work, however, 
shows that these variations in the isotopic abundances of elements are larger 
and more widespread than previously thought. Thode, Macnamara, Lossing, 
and Collins (15) have reported variations up to 3.5% in the abundances of 
the boron isotopes B!° and B" in samples from different geological sources. 
Finally, the work of this paper shows that there are considerable variations in 
the abundances of the sulphur isotopes. It is reasonable to expect, therefore, 
that variations will be found in the abundances of isotopes of many of the 
elements well up in the periodic table. 


Experimental 

Preparation of Samples 
The sulphur dioxide samples used in the mass spectrometer investigations 
are prepared by standard methods. Large enough samples of native sulphur, 
iron sulphide, and lead sulphide are burned in a stream of oxygen to produce 
about 10 cc. of sulphur dioxide at N.T.P. One cylinder of oxygen was set 
aside to prepare all the sulphur dioxide samples. The oxygen is passed 
through activated charcoal at dry-ice temperature and concentrated sulphuric 
acid to remove moisture and hydrocarbon impurities. Any water of crystal- 
lization or water produced during the burning of the minerals is removed by 
passing the sulphur dioxide through phosphorus pentoxide before freezing it 
down in a trap at liquid air temperature. Carbon dioxide and other highly 
volatile impurities are eliminated by allowing the sulphur dioxide to warm 
up to —85° C. (dry ice and acetone) and then evacuating the system. Mass 
spectrometer analyses show that no fractionation of the sulphur isotopes 
occurs from this procedure. Mass spectrometer analyses show the sulphur 
dioxide samples contain about 1 to 5% carbon dioxide. 
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The native sulphur and pyrite samples are easily oxidized to sulphur 
dioxide by the method described above. As it is not possible to prepare 
sulphur dioxide from sulphate minerals [gypsum (CaSO,.2H:O) and 
anhydrite (CaSO,)] by burning alone, it is necessary to convert them to free 
sulphur or a combustible sulphide. Calcium sulphide is prepared by roasting 
equal weights of the sulphate mineral and finely powdered carbon at 800° to 
1000° C. for about 24 hr. The calcium sulphide is dissolved in a slightly 
acidic solution to form calcium hydrosulphide (Ca(HS)2), which, after being 
filtered from the unreacted sulphate and carbon, is precipitated as lead 
sulphide or oxidized to free sulphur by iodine in potassium iodide solution. 
Repeated preparations of sulphur dioxide samples were made to check any 
possible variation in the isotopic abundance of the sulphur and in no case 
could any variation in the S*/S* ratio be attributed to the preparation 
procedures. 


Three different sources of sulphur were analyzed from sulphuretted water 
collected from various parts of southern Ontario, namely, soluble hydrogen 
sulphide, soluble sulphates, and free sulphur which precipitated from the 
water. The hydrogen sulphide is boiled out of solution, precipitated as lead 
sulphide, and burned to sulphur dioxide as previously described. The free 
sulphur is oxidized to sulphur dioxide by burning also. After the hydrogen 
sulphide is removed from the water, the total sulphate content is precipitated 
and filtered from a hot, slightly acidic solution as lead sulphide. As in the 
conversion of calcium sulphate, equal weights of lead sulphate and carbon 
are roasted at 800° to 1000° C. for 24 hr. Part of the lead sulphate is reduced 
directly to lead, but the majority of it is reduced to lead sulphide. The lead 
sulphide is separated from the remaining material by adding concentrated 
phosphoric acid. to the mixture, converting the lead sulphide to hydrogen 
sulphide, which is reprecipitated as lead sulphide. Sulphur dioxide is then 
prepared by burning the lead sulphide. 

The coal and petroleum samples were obtained from the gaseous products 
liberated in the-destructive distillation of coal (from West Virginia) and the 
cracking of second distillate oil (from Venezuela) respectively. The hydrogen 
sulphide in these gaseous products was precipitated as lead sulphide and 
burned as such to sulphur dioxide. 


Mass Spectrometry 

The relative isotopic abundance data given in this paper were obtained with 
a 180 degree direction focusing mass spectrometer of the Nier type (14). 
Automatic recording (6) was used and the electronic units have been described 
previously (5, 11, 12). 

Sulphur dioxide gas was used in the mass spectrometer in the analysis of 
the sulphur isotopes. It was more convenient to study the molecular ions 
SO:*, but a few samples were also investigated as SOt ions. The latter results 
agreed with the values obtained for SO,*+ ions. This agreement indicates that 
the samples and the mass spectrometer tube were free from impurities in the 
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SO2 mass ranges. The lack of peaks in the spectrogram of residual gases in 
the tube and the absence of other masses in the SO2 and SO spectrograms were 
further evidence of the purity of the samples. The contributions of the 
SO.+ ions to the ion currents appearing at the different mass numbers (see 
Fig. 1) are shown in Table I. Rare combinations such as SO"O0" and SO”O* 


TABLE I 


SO,* , SO* SPECTRUM 











Mass number Isotope combinations 
SO.+* 64 (S20160)18) 
65 (S2016917),  (S33016916) 
66 (S2016O!8), (S801601’), (S¥O140!5) 
67 (S¥O140!") , (S8O16018) 
68 (S#O160}8) | (S?0180!8) , (S36Q16016) 
SO* 48 (S#01*) 
49 (S70), (S#0"*) 
50 (S018) | (S017) , (S#O1*) 
51 (S018), (S34017) 
52 (S¥#O'8), (S36!) 








are not shown. The S®/S* ratio as determined from the SO.+ spectrum may 
be obtained directly from the mass spectrometer ratio of mass 64/mass 66. 








(64) La S20169016 be 1 
(66) ~ S34O160 16 + (S20160)!8) re) O18 S34 
2. Ow + Se 
The contribution of (S#0!*O"") to the mass 66 peak is negligibly small and 
may be neglected. Sz 1 
SH (66) 08" 
(64) “oe 


where (66)/(64) is the ratio of the ion currents at masses 66 and 64, respec- 
tively, and may be obtained directly from the spectrograms (Fig. 1). 


Similarly from the SO* spectrum we have 
- <a 1 
S#® ~ (50) O8 
(48) Ow 

The same oxygen was used in the preparation of all samples, so that the 
O'8/O'® ratio could be considered as constant. The value of this ratio was 
taken as 0.00208 for tank oxygen as previously determined (16). 

The problem of measuring relative isotopic abundances to a high order of 
precision is quite different from that of the determination of absolute isotopic 
abundances, as has been discussed previously (15). Although absolute mass 
spectrometer abundance ratios vary by + 0.5% over a period of time, a 
relative precision of + 0.05% can be obtained by comparing each sample to 
a standard. The procedure is to analyze the standard, the sample, and the 
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standard again as quickly as possible. If the two sets of results for the 
standard sample agree within the limits of precision for a single set, then the 
comparison with the middle set is considered satisfactory. The relative 
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Fic. 1. Mass spectrogram of isotopes of sulphur (S** excluded ) with typical double record 
obtained by scanning in both directions. 


precision obtained is, of course, dependent on the agreement of the two 
standard analyses. The use of automatic recording equipment with con- 
tinuous scanning facilitates the rapid production of spectrograms as shown 
in Fig. 1. One ratio of mass 64/mass 66 is obtained from such a spectrogram, 
and six ratios give a mean value with a precision of + 0.05% or better. 


Results 


Although there are four isotopes of sulphur, S*®, S*, S*, and S**, it was 
convenient to follow changes in the ratio of only two of them, namely S® 
and S*, Most of the results are therefore given in terms of this ratio. Fig. 1 
shows a typical recorded mass spectrogram from a set of which the S*/S* 
ratio is determined (with a precision of 0.05%). A large number of samples 
have been investigated. The results obtained for pyrite minerals, free or 
native sulphur, sulphate minerals, and sulphuretted water (hydrogen sulphide) 
samples are given in Tables II, III, IV, and V, respectively. Samples of 
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TABLE II 
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SULPHUR ISOTOPE ABUNDANCE DATA FOR PYRITE MINERALS 








Mineral 


Location 


Age 


Crystallization 
temperature,°C. 





Pyrite 

Pyrite with fluorite and 
calcite 

Pyrite with pyrrhotite 

Pyrite in chlorite 

Pyrite with scheelite 

Pyrite and magnetite 

Pyrite 

Pyrite 

Pyrite in schist 

Pyrite with bornite 

Pyrite 

Pyrite with enargite 

Pyrite 

Pyrite 

Pyrite 

Pyrite 

Pyrite 

Pyrite in chlorite 

Pyrite 





Dubuque, Iowa 
Tilley 
Brewster, N.Y. 
Kisbanya, Roumania 
Rhode Island 

Mill City, Nevada 
Dognaska, Hungary 
Echo Twp., Ont. 
Tyrol 

Freiberg, Saxony 
Magdalena, N. Mex. 
Madoc, Ont. 

Cerro de Pasco, Peru 
Park City, Utah 
Milton, Vermont 
Joplin, Missouri 
Lanark County, Ont. 
Gellivara, Sweden 
Chester, Vermont 
Franklin, N.J. 


Foster Mine, 





Late Paleozoic 
Pre-Cambrian 
Primary 


Early Tertiary 
Pre-Cambrian 


Late Paleozoic 


Early Tertiary 
Jurassic 


Pre-Cambrian 
Primary 
Pre-Cambrian 


475 





S/S ratio 
22.465 + 0.010 
22.465 + 0.005 
22.355 + 0.005 
22.345 + 0.010 
22.275 + 0.005 
22.275 + 0.020 
22.235 + 0.010 
22.235 + 0.010 
22.200 + 0.010 
22.200 + 0.010 
22.165 + 0.010 
22.120 + 0.005 
22.120 + 0.010 
22.120 + 0.010 
22.070 + 0.010 
22.010 + 0.010 
22.010 + 0.010 
22.000 + 0.010 
21.610 + 0.010 








TABLE III 


SULPHUR ISOTOPE ABUNDANCE DATA FOR 


NATIVE SULPHUR 








Mineral 


Location 


S2/S* ratio 





Native sulphur 
Native sulphur 
Native sulphur 
Native sulphur 
Native sulphur 
Native sulphur 


Sicily 


Italy 





Gulf of Mexico 
Gulf of Mexico 


Copper Cliff Mine, Sudbury, Ont. 


Locality I (unknown) 





.370 + 0.010 
.290 + 0.005 
.030 + 0.010 
.230 + 0.010 
2.070 + 0.010 
.860 + 0.010 








TABLE IV 


. 


SULPHUR ISOTOPE ABUNDANCE DATA FOR ROCK SULPHATES 








Mineral 


Location 


S%2/S* ratio 





Anhydrite (CaSO,) 
Gypsum (CaSO. . 2H20) 








Berchtesgaden, Bavaria 


Caledonia, Ont. 
Cayuga, Ont. 
Parrsboro, N.S. 
Lockport, N.Y. 
Crystal Falls, Mich. 
Mt. Healy, Ont. 





.120 + 0.005 
.035 + 0.010 
.845 + 0.005 
.015 + 0.010 
.690 + 0.010 
.595 + 0.010 
.785 + 0.005 











TABLE V 
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SULPHUR ISOTOPE ABUNDANCE DATA FOR HYDROGEN SULPHIDE FROM SULPHUR WATER 





Location of sulphur water (HS) 


Description of water 


S*2/S* ratio 





Port Ryersee, Ont., 270 ft. well 
Port Stanley, Ont., 300 ft. well 
Dorchester, Ont., 150 ft. well 
Dundas, Ont., 150 ft. well 
Tillsonburg, Ont. 





Dirty grey, oily 
Dirty green 
Crystal clear 
Crystal clear 
Slight turbidity 





22.415 + 0.010 
22.215 + 0.010 
22.705 + 0.010 
22.610 + 0.005 
22.180 + 0.005 





ys" 


sulphur from coal, petroleum, and other sulphides have also been investigated. 
These results and those given in the tables are tabulated diagrammatically in 
Fig. 2. It is seen that the S*/S* ratio varies by as much as 5% from_the 
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Fic. 2. Isotopic distribution of sulphur 34 in nature. 


extreme low value of the sulphates to the highest ratio obtained for hydrogen 
sulphide in well water. In general, sulphates have a high S* content or a 
low S*/S* ratio whereas hydrogen sulphide in well water is low in S* and has 
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a high S®/S* ratio. 


Table VI gives the results obtained for a series of sulphur 
containing minerals which have been sampled several times to determine 
These results indicate variations only 


isotopic uniformity of similar crystals. 


slightly greater than the internal precision of the mass spectrometer measure- 


ments. 


SULPHUR ISOTOPE ABUNDANCE DATA SHOWING ISOTOPIC UNIFORMITY OF SAMPLES 


TABLE VI 





VOL. 27, SEC. B. 








Sample No. 





Mineral Location (separate S*2/S# ratio* Average 
preparations) 
Pyrite (FeS2) Franklin, N.J. 1 21.620 
2 21.580 21.610 
3 21.630 
Anhydrite (CaSO,4) Berchtesgaden, Bavaria 1 22.095 
2 22.120 22.110 
2 22.120 
Gypsum Lockport, N.Y. 1 21.895 21.920 
(CaSO, . 2H.0) 2 21.945 
Native sulphur Sicily 1 22.310 22.300 
2 22.290 
Native sulphur Locality I (unknown) 1 22.605 22.630 
2 22.655 
Native sulphur Dorchester, Ont. 1 22.705 22.705 
2 22.705 
H.2S from sulphur water} Port Ryersee, Ont. 1 22.690 22.675 
2 22.655 

















* Precision of each determination is 0.05%. 


Variations in the Abundances of S*, S*, S*, and S*® 


In one experiment two different samples of sulphur were compared both 
in regard to the S®/S* and S*/S* ratios. 


obtained are given in Table VII. 


TABLE VII 


SULPHUR ISOTOPE ABUNDANCE DATA FOR TWO 
SAMPLES COMPARED (S*® EXCLUDED) 


The isotopic abundance data 














Ratio 
Sample 
S32 /S33 S32 /S34 
1 127.25 + 0.05 22.660 + 0.005 
2 125.20 + 0.05 21.923 + 0.085 
Percentage difference 1.64 3.35 








According to these results the percentage difference in isotopic ratio doubles 
as the percentage mass difference between the isotopes doubles. 
the variations in the S*/S** ratios have not been measured, it is expected that 


Although 
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these will be four times the corresponding variations in the S®/S* ratio or 
double those of the S*®/S* ratio. This is in accordance with theoretical 
considerations where isotopic fractionation occurs owing to differences in the 
thermodynamic properties of isotopic substances. Further, the experimental 
exchange constant for the isotopic reaction 


(1) SO. + HS*O3,, == S®O, + HS**Oz,, 


at 25°C. determined previously (14) is 1.039 as compared to 1.019 for the 
reaction 


(2) S¥O, + HS*O5,, =2 SO: + HS*Ox,, 


This means that in the above equilibrium process S* and S** are favored in 
the solution phase by 2 and 4% respectively. The results of Table VII are, 
therefore, further proof that the isotopes of sulphur are fractionated in natural 
processes because of differences in their chemical and physical properties. 
Certainly any nuclear process would be specific for one isotope. The 
maximum variation in the S*®/S* ratio of about 5% (see Fig. 2) indicates a 
corresponding variation in the S*/S** concentration of 10%. 


Crystallization Temperature and Isotopic Abundance 

The crystallization temperatures given in Table II for the various pyrite 
samples investigated were determined for us by Mr. H. S. Scott of the 
McMaster University Geology Department. His measurements were made 
with a pyrite geothermometer developed by Prof. F. Gordon Smith (13) of 
the University of Toronto. An examination of the data in Table II would 
indicate little if any correlation between pyrite crystallization temperature 
and the isotopic content of the sulphur. However, this is not surprising 
since the pyrite samples came from widely different geological formations 
and geographical locations and have therefore had different histories. 

Table VIII, on the other hand, gives isotopic abundance data for pyrite 
crystals removed from the same mineral specimen. In each case the crystals 


TABLE VIII 


VARIATIONS IN THE ISOTOPIC ABUNDANCE BETWEEN FINE AND COARSE 
CRYSTALS FROM THE SAME PYRITE SPECIMEN 














Fine crystals Coarse crystals 
Mineral Location — 
S/S ratio Temp., ° C. S®/S ratio Temp., ° C. 
Pyrite with chalco-| Gilman, Colo.* 22.155 + 0.005 235 22.220 + 0.010 185 
pyrite and calcite 

Pyrite Larga Mine, 22.155 + 0.005 210 22.225 + 0.010 135 

Zalanthna, ~ 

Hungary 




















* Chalcopyrite crystals from Gilman, Colo. have S*/S* ratio of 22.261. 
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graded from fine in the center to coarse on the outside (see Fig. 3). The 
results indicate that there is a definite variation in the isotopic abundance of 
the sulphur from the center out. Further, the pyrite geothermometer 
temperature measurements indicate a corresponding variation in crystalliza- 
tion temperature from the fine to the coarse crystals (in the same specimen). 
This phenomenon therefore can account for many small variations in the 
isotopic ratio of sulphur. The large variations found for pyrite samples in 
Table II are probably due to other isotopic fractionation processes. In this 
regard, one pyrite mineral specimen investigated from Sayerville, N.J., did 
not have the usual gradation from fine to coarse crystals but had a ‘‘concretion”’ 
or round ball of fine crystals embedded in coarse crystals with a thin layer of 
sulphate mineral between them (see Fig. 3-a). In this case the concentration 
of S** varied by 3%, indicating that the two kinds of pyrite although in the 
same specimen had been formed under quite different conditions or from 
sulphur of different isotopic content. 


Pyrite Minerals 

Some 30 samples of pyrite collected from various parts of the world were 
analyzed and an attempt made to correlate the variations in the isotopic content 
of sulphur with some definite naturally occurring phenomenon. As can be 
seen from Table II, no correlation exists between the variation of the isotopic 
abundance and the deposition age of the pyrite. However, these negative 
results are not surprising in that the samples of pyrite were collected from 
such widespread parts of the world and crystallization conditions are entirely 
different. 


It is interesting to note that the one pyrite sample whose S*/S* ratio is 2% 
lower than the average pyrite (see Fig. 2) came from the unique mineral 
deposits at Franklin, N.J., commonly referred to as Franklin Furnace. Over 
100 minerals have been found there, at least a dozen of which have not been 
noted elsewhere. Geologists agree that the presence of spinel minerals 
indicates high temperature formation and that the deposits of pyrite may 
have taken place at two different times. However, there are various theories 
as to the exact origin of the mineral deposits at Franklin Furnace. C. Palache 
(10) describes the ore bodies as of metasomatic origin, occurring in Pre- 
Cambrian limestone which later underwent regional metamorphism. He 
suggests that the ore solutions derived their metallic constituents from the 
oxidation of earlier deposits of mixed sulphides. Although it is more generally 
thought that the mineral deposits came about by a magmatic intrusion into 
the limestone, Palache claims that the only clear evidence of direct intro- 
duction of magmatic materials is found to be in the contact zones about the 
pegmatites which were formed far later than the ore deposits themselves. 
The fact that the S*®/S* ratio for the Franklin, N.J., pyrite lies at the bottom 
of the sulphate range may mean that the iron was in the form of a sulphate 
at one time and later was converted to pyrite. 
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Fic. 3. Pyrite mineral showing fine center crystals and coarse outer crystals. 
y ¢ 


Fic. 3a. Pyrite mineral showing concretion. 
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Sulphate and Hydrogen Sulphide Waters 

Although the S* content of gypsum deposits, Table IV, vary. by 2%, the 
concentration of S* for sulphates is consistently-high. A further comparison 
of isotope abundance data for SO, , S°®, and H.2S present together in well 
water is given in Table IX. The part of southern Ontario from which the 
samples were collected is a natural gas area, the gas being contained largely in 
the Guelph limestone below the surface. 


TABLE IX 


A COMPARISON OF ISOTOPE ABUNDANCE DATA FOR SO;7, S°, AND H.S PRESENT 
TOGETHER IN WELL WATER FROM DIFFERENT LOCATIONS 














Dorchester, Ont. Tillsonburg, Ont. Port Ryersee, Ont. Port Stanley, Ont. 
Sample 
S®/S* ratio 
H2S 22.705 + 0.010 22.180 + 0.010 22.400 + 0.010 22.215 + 0.010 
SOT 21.735 + 0.010 21.715 + 0.010 21.650 + 0.010 21.585 + 0.010 
s° 22.705 + 0.005 22.285 + 0.010 — — 








As in the case of the gypsum deposits, the sulphates in solution are again 
enriched in the heavy isotopes of sulphur. The hydrogen sulphide and free 
sulphur present in the same solutions contain from 2 to 5% less S* than the 
sulphates. The free sulphur formed from these solutions by air oxidation of 
hydrogen sulphide has the same isotopic content as the hydrogen sulphide. 
This is an interesting result but not altogether unexpected. Reactions 1 and 2 
above have been investigated extensively and could be a factor where sulphite 
solutions are in equilibrium with sulphur dioxide at some state in the history 
of the samples. Further, theoretical calculations by Urey (17) show that 
heavier isotopes of chlorine should in chemical exchange processes be favored 
in compounds where chlorine is in the higher valence state. Thus ClO, 
would have the greatest tendency to concentrate Cl” providing a chemical 
exchange mechanism can be found and equilibrium established. By analogy 
the heavier isotopes of sulphur and in particular S** would be favored in the 
following valence states to an increasing extent, S-, SO;, SO,;. This 
reasoning would seem to account for the high S* content of sulphates. 
Partition function ratios for the isotopic substances HeSigas), S-, and SO; 
are now being calculated. From these values the exchange constants for 
possible isotopic reactions may be calculated. 

Since hydrogen sulphide water samples listed in Tables V and IX are all 
from a natural gas area in southern Ontario, it is reasonable to assume that 


the hydrogen sulphide is organic in origin and diffuses up from the gas strata 
below. In this regard it is interesting to note that the two shallow wells 
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(water nearest the surface and furthest from the gas bearing strata) have the 
highest S*/S* ratio. If the hydrogen sulphide gas diffuses through rocks or 
fissures, then some fractionation can be expected since the isotopic molecules 
will have different diffusion rates. This could account for the low S* content 
inthe water nearest the surface of the ground. In addition, some fractionation 
could result from the exchange of sulphur isotopes between hydrogen sulphide 
gas and S” or HS ions in solution. Preliminary statistical calculations in 
this laboratory by H. Bowlden (2) for this exchange reaction indicate that the 
heavier isotopes are favored in the gaseous phase. This would mean that 
sulphur water washed with hydrogen sulphide would be depleted in S*™. 
The low S* content of hydrogen sulphide well water could therefore be due 
to a combination of gaseous diffusion and chemical exchange fractionation. 
Further investigations of hydrogen sulphide water samples and hydrogen 
sulphide from natural gas in a given locality are in progress. 


Discussion 


From the results of this paper it is clear that relatively large variations occur 
in the abundances of the sulphur isotopes. In future, isotope abundance 
tables must state the origin of the samples investigated where values are given 
to better than a few per cent. 

In the case of carbon and sulphur, we do not have a large reservoir of 
material of constant isotopic composition to provide a base level from which 
isotopic variations in other compounds can be reckoned, as, for example, the 
sea, in the case of the oxygen isotopes. For this reason, less meaning can be 
attached to the many variations found at the present time. However, the 
experimental and theoretical investigations which have been made show that 
these variations in isotopic abundances are significant and have important 
implications in physics, chemistry, biology, and geology. The changes in 
isotopic ratios that occur are undoubtedly related to the differences in chemical 
properties and will depend on chemical and physical processes that occur in 
nature or in the laboratory. A further means is therefore provided for 
tracing out the mechanism of natural processes and for determining the origin 
of certain natural materials containing sulphur. Isotopic data of high 
precision have already made a notable contribution to chemistry and geology 
and promise to be very fruitful in the future. 
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A THEORY FOR CREEP OF CERAMIC BODIES UNDER 
CONSTANT LOAD! 


By PETER GIBBS AND HENRY EYRING 


Abstract 


The plastic flow and elastic behavior of ceramic materials is treated using a 
statistical mechanical relaxation theory. It is found necessary to treat creep as 
involving two, and, in some cases, three relaxation mechanisms. The methods 
necessary for treating such non-Newtonian flow are developed here for creep for 
the first time. The results obtained are in accord with expectations on the basis 
of reports of others for flow at constant rate of loading and constant rate of strain 
for other materials. 


Introduction 


Professor Thorvaldson has been an outstanding pioneer in various aspects 
of chemistry and especially in the field dealing with the nature and properties 
of cement. A theory of the plastic and elastic deformation of related sub- 
stances forms the basis of the material presented here. 

In creep tests a constant tensile stress is applied axially to a cylindrical 
test specimen. The elongation per unit of length between two gauge marks 
near the center of the specimen is called creep. A typical time—elongation 
curve due to Norton (9) is reproduced in Fig. 1. The data relative to each 
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curve in this paper are collected in Table I. There is an instantaneous elonga- 
tion at the time of application of the load which is not shown in Fig. 1. A 
decrease in specimen cross section is observed as elongation proceeds. 


1 Manuscript received December 28, 1948. 
Contribution from the University of Utah, Salt Lake City, Utah, U.S.A. This paper is 
based on a research program conducted at the University of Utah in co-operation with the Office of 
Naval Research, U.S. Navy Department. 
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TABLE I 
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Author's 
Fig Temp. Stress Composition Refer- | designa- Parameters calculated from 
ence tion curve 
1 | 1060°C.| 501b./in2 | { Potash (9) 
| feldspar 25% 
| Flint 25% 
, No. 1 English 
China clay 35% 
Kentucky 
ball clay 15% 
3A 900° C. | 1000 Ib. /in.? Same as 1 (9) G = 1.59-1019 dynes/cm.2 
AFF" = 1.12-105 cal./mole 
, AF;F = 1.15-105 cal. /mole 
| Var = 1.02-10-2 cm.3 
3B | 900°C.| 400 1b./in2 | Same as 1 (9) | Vue = 5.64-10-2° cms 
4A 1350° C. | 2000 gm./cm.?| ‘‘Raw Clay A” (10) # 354 
4B | 1400° C.| 1000 gm./cm.?| ‘“‘Raw Clay A” (10) # 225 
4C | 1060° C. 50 Ib. /in.? Same as 1 (9) G = 2.25-10® dynes/cm.? 
Kia, = 7.41-10-" cm.2/dyne. 
y sec. 
| Kea = 1.98-10-15 cm.2/dyne. 
sec. 
4D | 1450° C. German siliceous clay (10) Fig. 4 
4E | 1350° C.| 2000 Ib./in2 | { 60% “Clay A” (10) # 306 
\ 40% fine grog 
5 1060° C. 50 Ib. /in.? Same as 1 (9) G = 2.11-109 dynes/cm.? 
Kia: = 6.38-10-" cm.2/dyne. 
sec. 
Koa = 3.87-10- cm.2/dyne. 
sec. 
6A | 1350° C. | 2000 Ilb./cm.? | ‘‘Raw clay A” (10) # 326 
6B | 1800° F. | 6800 Ib. /in.? { MgO 19.6% (3) Fig. 7 
BeO 20.3% 
| ZrOz 60.1% 
6C 1800° F. | 7000 Ib. /in.2 { MgO 9.8% (3) Fig. 11(c) 
BeO 10.2% 
ZrOz 80.0% 
6D | 1350° C. | 1000 gm./cm.?| 40% ‘‘Clay A” (10) # 367 
60% grog 
7 “Siliceous clay C” (10) Fig. 5 
oa 
Theory 


Deformation of any substance involves the transfer of material through the 
deformed body. 


Inasmuch as a substance may be a 


This process may be thought of as the migration of density 
fluctuations (1) within the material. 
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very complicated system of crystalline grains, amorphous matrix material and 
flaws, the fluctuations in density will, of course, vary much as to type. They 
may be clumps of atoms, gaps between atoms, or empty sites, including the 
variations in atomic spacing usually spoken of as metallurgical dislocations (11). 
The system of active fluctuations may differ considerably from one instant 
tothe next. Understanding this, we shall speak of these fluctuations as though 
they were particles. Whatever their nature, each fluctuation will have an 
equilibrium position at a potential energy minimum. Structural details, such 
as grain boundaries, etc., manifest themselves in changes in the shape of the 
potential energy surfaces which govern the motion of fluctuations. For our 
purpose, the system is completely specified if the potential energy surfaces 
of all the fluctuations contributing to the deformation at each instant are 
known. 


Fluctuations tend toward equilibrium, but they may never attain it during 
the lifetime of most ceramic bodies. High temperatures, such as those asso- 
ciated with firing, tend to introduce an equilibrium number of density fluctua- 
tions corresponding to the particular temperature. A temporary state of 
internal or external stress may alter the number of these fluctuations present. 
In general, the history of a specimen may introduce non-equilibrium fluctu- 
ations which persist for long periods because of high potential energy barriers (4) 
surrounding them. 

An applied force modifies the potential energy surfaces, shifting relative 
equilibrium positions slightly. Since there are no potential barriers against 
assuming these new equilibrium positions, the cumulative effect is an instan- 
taneous deformation of the specimen upon application of the force. There 
is a return force on each fluctuation equal to the potential gradient of the 
unmodified barrier at the new equilibrium position. This condition is similar 
to Hooke’s law and may be represented by a mechanical spring obeying the 


relation Rs 
f = GS, (1) 
where f = force per unit area, 
G = aconstant, 
S = elongation per unit length. 


With the passage of time, there is a net migration of fluctuations over their 
barriers in a direction to relieve stress. The rate of passage of such a system 
over a potential barrier is (5, 12) 


aN? sy f AFT). {Vif ) 
-. exp ( RT ) sinh a) - 





where 
N* = Number of flow units passing over the barrier; 
= Transmission coefficient for passage over the barrier; 


= Boltzmann constant; 


K 
k 
R 


= Gas constant 
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ale ° ° : 
AF* = Free energy difference in the absence of the applied stress 
between the equilibrium position and the ‘‘activated state’ at 
the top of the barrier; 


Il 


Applied force per unit area; 

V; = The coefficient by which the force must be multiplied to give 
the work done by the stress in a single passage over a potential 
barrier. It has the dimensions of volume and has often been 
called the ‘‘volume of the hole’’ for flow. 

The elongation rate of a chain of units along the S axis, each of which slips 
in this manner, is 


NES -K 4s 7 
.. «(4 *) a» > exp (- 4) sinh (72) = Ksinhaf, (3) 








dt ’ hn’ RT 2kT 
where 
S = elongation per unit length; 
\ = S component of the distance between successive equilibrium 
positions of a flow unit; 
\’ = distance along the direction of slip between successive locations 
where slip occurs; 
- _ 2xKTX AF*\. 
K =z 7 ex > ’ 
~ AN RT 
ae 
"a 


A mechanism which exhibits this slip property is called a viscous element or 
“dashpot.”’ 

The mechanical properties of ceramic bodies are here schematically repre- 
sented through network combinations of springs and dashpots, as shown in 
Fig. 2(a). This scheme has been used in a similar way for fibers (6), metals (2), 


fa oy 


P }p 
FIGURE 2(b) 
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glass (7) and rocks (8), etc. In general, a very large number of network bran- 
ches will be required to describe the phenomena exactly. In many cases, 
however, two branches as shown in Fig. 2(b) will be sufficiently accurate. 
Equation parameters are evaluated by fitting theory to experiment. Network 
flow units may be referred to as “‘generalized fluctuations”, since, when the 
network does represent the actual system, each flow unit is an appropriate 
average for a variety of individual fluctuations. Flow patterns, and hence 
characteristic parameters of flow units depend upon the shape and cross- 
sectional area of the macroscopic specimen. 


Calculations for the Two-Branch Model 


In general,.a satisfactory method of solution of the two-branch model may 
be obtained by considering the following: When the load is applied the two 
parallel springs instantly elongate, while the dashpots slip at finite velocity. 
Hence the initial division of stress between the two branches is determined 
only by the relative spring constants. The fact that the creep curve (Fig. 1) 
is not a straight line as it proceeds to the left indicates that one dashpot is 
flowing faster than the other. As it flows, stress is being transferred from the 
faster to the more slowly moving dashpot until their rates are the same, and 
the curve finally becomes a straight line. The stress is then divided between 
the two branches according to the relative dashpot parameters, and is inde- 
pendent of the spring constants. For creep, then, stress in one branch is a 
monotonic function of the time. It will be observed below in a more exact 
solution of the ‘‘completely linear dashpot’”’ case that stress in one branch 
is an exponential function of the time. In general, also, strain rate, the rate 
of dashpot flow, is an exponential function of the stress. This suggests that 
the slow dashpot might therefore be neglected in the early portion of the curve. 
In this region the model of Fig. 2(c) may be used. The subscript ‘‘1”’ will be 
used for quantities in the left branch and ‘‘2” for the right branch. It will 
be assumed here that the elastic constants G; = G. = G. With more data 
this assumption could be improved upon. If the initial instantaneous deform- 
ation had been recorded by all observers, a more exact ratio of G; to Gz could 
have been determined. The total applied tensile stress will be represented by P. 


Case (a) when arfo > 1 


In this case, for the first part of the experiment, the following equations are 
obtained: 


, ow oe + Ke sinh arfo = = aoe “= is * exp (Q2f2) (4) 


Thus the plotting logic (=) against S yields the straight line 


dt 


dS Ke AP QoG 
logio ( a) = (og a. + 3) = ($)s. (6) 

















GIBBS AND EYRING: CREEP OF CERAMIC BODIES UNDER CONSTANT LOAD 


Since at t = 0, fe = GS, Equation (5) gives 


(S)ixo = 50° (7) 
Thus at ¢ = 0 one can substitute (7) in (6) to obtain 


{ dS\ \ _ Ke , @2P — QP 8 
logio (2). logio =- 4 + Ss im © (8) 


At the same temperature but at different loads one obtains two expressions 
for (8) which by elimination yield the approximate relationship: 


toe (4S 
_ 6 aioe (aa. 0) 


Thus from Equation (6) it may be seen that G may be evaluated from 





Qo I 


i i 





= C, (10) 


where C is the measured slope of the plot. 
Next consider a method for determining a; . Substituting the first equality 


of (5) in (4) and remembering, for ¢ large, that S 0 one obtains: 


dt 
(3) | 
) 

hus P= =, sinh | ae oat (11) 


where the subscript a denotes the quantity for creep at the lower of the above 
two loads; b will be used for the higher load. 


For the left branch of Fig. 2(0) one also has 
dS 1 vi 





ie + Ki sinh afi, (12) 
and as before, for the ¢ large, th 0. Thus, taking the ratio of (3)... 
for a load a and a larger load b gives 
(ii) 
dt Ji-o,a _ sinh (afi, a) (13) 
(=) ~ sinh (aufi, i 
dt 
from which a, may be determined. From (12) also one can write: 
(i ).ca 
Ky = - = (14) 





= sinh (ouf..s) >" 
Values of parameters obtained by this process are a kind of average value for 


the two loads. In Fig. 3, logio (3) is plotted against S for two specimens. 
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Values of the parameters calculated from these curves are listed in Table I. 

: KX , . ‘ 
Throughout the calculations of Table I, y has been taken as unity. Equation 
(6) is valid for the early part of the experiment where S is not too large, i.e., 
where the left branch can be treated as a pure spring. The excellence of the 
straight line in Fig. 3 is thus confirmation of our theory. The deviation for 
large S is of course a consequence of the theory, occurring when the second 
dashpot starts to flow. 


CREEP S-So (in/inxl05) FOR CURVE B 
Ke) 20 39 
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GREEP S-So (in/inX!04) FOR CURVE A 
Case (b) when arofe K 1 
In this case one has: dS 1 dfe ; 
dt = G at + Keefe (15) 
fe = P—-GS. (16) 
Combining (15) and (16) one obtains: 
d K CoQ 
S a 2QoP = KoeQoG S ~D—| ES (17) 





’ 2 
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dS 
where D and E are to be read from a plot of 3 = ; against S, and where they 
satisfy the relations: 


(18) 


ar 
19 
G = D (19) 


Next consider the further specialization of case (b) when aif; <1. This 
is treated again as case (c) below by another method. For large ¢ in 


Equation (15) on = 0, whence 





dS ° 
( ah). = Keefe ° (20) 
Similarly, for branch 1 the following relation (21) holds when aif; < 1: 
dS A m 
(2) = Kia fi = K,a;(P = fo). (21) 
Eliminating fe between (20) and (21) gives 
($e 
Kia, = = ‘ (22) 
Ke.a2,P — () 
am dt )t- 


In Fig. 4, (2) is plotted against S for several specimens as is suggested by 


Equation (17). Only for Curve C of this figure were sufficient data available 
to make calculations. For this reason the scales for the other curves of 
Fig. 4 are arbitrary. As was the case in Fig. 3, there is excellent linearity, in 
accord with the theory. 


Case (c) when aif; K 1 and also anf, <K 1 


In this case 





dS_Aldfiy x 1 df, 
= “aa + Kiafi = Ga + K2de2fe (23) 
h=P-hf. (24) 
Thus we can write: 
aa = + Kiaifi = _ -.4 df Kea2P _ Kofi . (25) 


Taking the constant of integration 


Mig ae 


(26) 
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in accord with our assumption that G; = G.. The solution to (25) is thus 


oQoP 97 
oN (27) 


= i Kia sad RQ. : G me —_—— 
fi = 3 Kia, > Koa exp { ~$ 5 (Kia - K: 9Q2) > + Kia, 
FIGURE 4 
° SCALES FOR CURVES A,B,D,E 


ARE ARBITRARY 


gS 
dt 


CREEP RATE 


2 (in/in/secx 109) 








Ll l 
- 10 
CREEP (S- So) 





l 
15 (in/inX!05) 


Substituting (27) in (23) one obtains: 











dS _ P (Kia, — Kea)? fe . \ Kia Koa, 
— Leena: aalilas 2 ate: mae oOo — Pp, 8 
as cS sed 5 (Kia, + Kras)t +z os eae r’.. (23) 
From (28) we see that 
dS Kiaiks Ae ; 
(Fr). "Eatin * iss 


and its value is the limiting slope of the S versus ¢ curve att = ©. 


mic form (28) may be written: 


{dS ms (2), nes - 
logio | ay SR es a~ 


where 
= P (Kia; — Kea)? 
4 Kia, + Kode 
G 

16 | 





A 


Kia, + Kea). 


In logarith- 


(30) 


(31) 


(32) 
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A plot of Equation (30) for a specimen of Norton (9) is shown in Fig. 5 from 
which A and B may be determined for this curve. From (29), (31), and (32) 
the following three relations are obtained: 














ve a ae ds \ 
Kia, = Be ), oo +A y* | + (3 ),.oh ~ 
-» . 26 (4S lal dS 
ms ‘(5 i. leila v4 |4 . (#),..]} (34) 
4.6B 
i 35 
G Kia, a KeQe , 
° FIGURE 5 
° 
OL 
% 
% 
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Bhs 
ro} 
: 0 
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The last thing done under case (0) was to solve for the parameters in the 
flow system using the same data of Norton (Fig. 4C) as is used in Fig. 5 by 
the method just outlined. The results from Fig. 4C and Fig. 5 respectively, 
are recorded in Table I. As may be seen, the two quite different methods lead 
to substantially the same results for the characteristic parameters of the flow 
system. 


Integrating (28) one obtains: 


dS Bas 
£~ tie (F) Se" 1). (36) 
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Here the constants have been defined. From (36) it is seen that the ratio 


A , : ‘ 
ZB may be read from the time—elongation curve as the intercept of thet = ~ 


asymptote with the ordinate. Fig. 1 is an experimental curve from Norton 
which was fitted exactly by the appropriate choice of the constants in (36). 


The Three-Branch Model 
There is a group of materials for which the two-branch model is inadequate. 


These are illustrated in Fig. 6 where (2) is plotted against S. Each of these 


curves tends to show two straight line segments before becoming horizontal 


FIGURE 6 


SCALE ARBITRARY 


CREEP RATE # 











CREEP S-So 


on the extreme right. Clearly, at least a three-branch model is required to 
explain these results. For the three-branch model of Fig. 2(d), at the beginning 
the two parallel springs of branches 2 and 3 act asa single spring. The curve 
in this region, then, should be similar to that for the two-branch case. In 
the second region, sufficient stress has been transferred from branch 1 to 
branch 2 that both dashpots are slipping. If sufficient time lapses before 
dashpot 3 commences to flow, the creep curve should again resemble that in 
the two-branch case at a correspondingly later time, since the two parallel 
dashpots of branches 1 and 2, when they are slipping together, act as a single 
dashpot. Finally, all three dashpots slipping together give a straight line 
for their creep curve. Actually both two-branch and three-branch creep 
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curves have the appearance of Fig. 1, and only an analysis such as is shown 
in Figs. 6 or 7 reveal their true complexity. 

In our Fig. 7 have been plotted the results of an analysis of Partridge and 
Adams’ Fig. 5 (10). These data require a three-branch model with aif; > 1 
and also Q2f2 > 1. Since dashpot 3 had not begun to flow at the end of the 
test, the value of a@;f3 is uncertain. 


FIGURE 7 
SCALE ARBITRARY 


Loc # 








CREEP S-So 


The recovery effects predicted by both the two and the three-branch 
models were observed by the experimenters, but without giving sufficient 
detail that we could use it for our analysis. 


ia 
u 








Pp P 
FIGURE 8 
Conclusions 


This analysis has for the first time applied the non-Newtonian two- and 
three-branch spring-dashpot models to creep. Because it was not found 
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possible to integrate the equations in the gen ral case, methods were developed 
for calculating the flow parameters and determining the necessary model, 
using the differential form of the equations. The analysis proceeds almost 
as expeditiously as in the case where it was possible to carry out the integration. 
It is a matter of considerable interest that the models of Fig. 8 led us to values 
of the parameters which were not physically reasonable, whereas the models 
of Fig. 2 gave entirely reasonable parameters. This successful model was also 
required to explain the stress-strain results for the quite different experiments 
involving constant rate of loading and constant rate of strain, etc. (2, 6, 7, 8). 
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FRACTIONATION OF GR-S BY THE “COACERVATE” METHOD! 


By A. E. LEGER? AND PAuL A. GIGUERE 


Abstract 


Two different samples of synthetic rubber (GR-S) were fractionated by the 
“‘coacervate’’ method of Duclaux and his coworkers. This method is some- 
what analogous to fractional extraction, with this difference that the polymer is 
in the form of a viscous liquid instead of a solid phase. One sample was refrac- 
tionated into 35 subfractions. The molecular weight distribution curves show 
a sharp peak in the region of 40,000. The results are comparable with those of 
fractional precipitation. 


Introduction 


An accurate evaluation of the physical or chemical properties of a high 
polymeric material includes a determination of its molecular weight distri- 
bution. Various procedures have been employed to determine this distribu- 
tion and also to prepare material of homogeneous molecular weight. A very 
comprehensive review of the methods of fractionation as applied to high 
polymers has recently been published by Cragg and Hammerschlag (5). 
The most practical methods which have been used in the past have invariably 
relied on the difference in solubility of low and of high molecular weight 
material. Selective precipitation of high molecular weight molecules by the 
addition of a nonsolvent to the polymer solution has been employed in the 
majority of cases. Relatively few investigators have used fractional solution 
in which the polymer in the solid state is extracted by a series of solvent 
mixtures. Bloomfield and Farmer (2) fractionated natural rubber by this 
method using petroleum ether and acetone, while Kemp and Peters (12) used 
acetone-hexane mixtures. In the synthetic high polymer field, Sebrell (17) 
in 1943 studied Buna S by extraction with petroleum ether — benzene solutions, 
and Kemp and Straitiff (13), with acetone—chloroform. 


Recently a series of papers were published by Dobry, Gavoret, and Duclaux 
(6-11) in which they describe a method of fractionation somewhat similar to 
that of fractional solution, with this difference that the extractions are made 
from a liquid phase containing the polymer instead of from the solid material. 
The polymer is first dissolved in a solvent, after which a nonsolvent is added 
until there is separation of the solution in two phases. One phase, the super- 
natant liquid, contains little dissolved polymer whereas the other, of smaller 
volume, contains the bulk of the polymer in the form of a viscous liquid 
known as “‘coacervate,”” hence the name of the method. The upper layer is 
then decanted and an equal volume of liquid mixture, somewhat richer in 
solvent, is added to the remaining lower layer. This new solvent extracts 
additional polymer from the coacervate, the molecular weight of the polymer 
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removed being dependent on the composition of the extracting medium. By 
repeating this procedure with mixtures of increasing solvent power, fractions 
of increasing molecular weights are successively extracted from the lower 
layer. The ‘‘coacervate’’ method has been used to fractionate polyvinyl 
acetal (9) and polyvinyl acetate (11). 

The purpose of the present study was to determine the applicability of this 
particular method to synthetic rubber of the GR-S type and to compare the 
resulting fractionation with that obtained by the usual methods. 


Experimental 
Polymer and Solvents 


The synthetic rubber used was production-line stock of regular specification 
(72% conversion, 50 Mooney). Prior to fractionation it was extracted by 
refluxing, for two periods of one hour each, with ETA (ethanol-toluene 
azeotrope); 100 ml. of this mixture, to which 10% water has been added, was 
used for every 6 gm. of polymer. The water is needed to prevent extraction 
of low molecular weight material (3). The polymer was then refluxed for 
about 30 min. with acetone and finally dried in a vacuum (3 to 5 mm. of 
mercury) at 23°C. for about 16 hr. The intrinsic flow times of the two 
samples before and after extraction were as follows: 


Before extraction After extraction 
S-2358 2.05 2&2 
S-2834 2.02 2.18 


Benzene—Merck Reagent brand (thiophene free) was redistilled in a bubble- 
cap column; boiling point range 80.0° to 80.5°C.; negative isatin test for 
thiophene. Ni; = 1.49720. 

Methanol—Merck Reagent brand was redistilled in a bubble-cap column: 
boiling point range 64.0° to 64.5° C. 

PBNA—(Phenyl-8-naphthylamine) antioxidant supplied by Polymer 
Corporation, Sarnia, and recrystallized from alcohol: melting point, 108° C. 


Experimenial Methods 


Viscosities were determined at 25° + 0.02 with two Cannon-—Fenske 
viscometers (A. S. T. M. Series 50) chosen for their nearly identical flow times 
of benzene, 166.1 and 168.9 sec., respectively. In all cases the measurements 
were made at three or four concentrations of the solutions. The results, 
reported as intrinsic flow times, were obtained by extrapolation to zero 
In ¢, 


C 


concentration of vs C, where ?#, is the flow time of the solution relative 


to that of the pure solvent and C is the concentration in grams per 100 ml. of 
solution. No correction was applied for kinetic energy, as the ensuing error 
was found to be less than 1.5% for pure benzene and still less, obviously, for 
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the more viscous solutions (1, p. 31). Concentrations of polymer were found 
by evaporating 10-ml. samples of the solutions in light aluminum dishes and 
weighing; the composition of solvent mixtures could be determined to better 
than 0.1% from refractive index measurements. Preliminary tests had 
shown that the error caused by dissolved polymer, up to 0.5% in concentra- 
tion, was less than the stated accuracy of these measurements. 


Fractionation Procedure 

The solutions were prepared by dissolving the weighed polymer in a little 
less than the exact quantity of benzene, filtering twice through a coarse 
fritted-glass funnel and making up to the final volume with the pure solvent. 
About 0.5 gm. of antioxidant (PBNA) was needed to prevent gel formation. 
Enough methanol was then added to produce a faint turbidity and the solution 
was immediately heated, with continuous stirring, to redissolve the precipitate. 
The coacervate was allowed to settle by leaving the flask in a thermostat at 
25°C. for 24 hr., after which the supernatant liquid, containing the first 
fraction, was decanted. This operation offered no great difficulty, since the 
coacervate was rather firm at this stage. As the fractionation progressed, 


. however, the coacervate grew more and more fluid and the separation became 


increasingly laborious. To the coacervate was now added a methanol- 
benzene mixture of predetermined composition, plus some antioxidant, and 
the whole was again made homogeneous by heating. Upon cooling and 
settling at 25° C. the second fraction was obtained, and so on. 


Isolation of the dissolved polymer fractions for identification purposes 
turned out to be a delicate problem. Indeed it was found impossible to 
concentrate such large volumes (2.5 liters) of solvent by evaporation, even 
under reduced pressure, without seriously altering the polymer. The gel 
content rose sharply and in some cases the polymer could not be redissolved 
for viscosity measurements. It was therefore decided to resort to precipita- 
tion by addition of an equal volume of pure methanol containing some 10% 
of a 1% solution of sodium chloride in water. After about 24 hr. the milky 
mixture cleared and the polymer was deposited, first as a highly viscous 
liquid and later (with increasing molecular weight) as an amorphous solid 
mass. Although far from quantitative, especially for the first few fractions, 
this precipitation yielded a readily soluble polymer free from antioxidant and 
other possible impurities. 


Results 


Tables I and III show the results for the primary fractionation of both 
samples. Molecular weights were calculated by means of the equation of 
Carter, Scott, and Magat (4): 


log M = 4.89; + 1.49 log [¢] . 


The cumulative % “‘S’’ represents the sum of the weights of all preceding 
fractions plus one-half that of the corresponding fraction. For reference the 
compositions of the various solutions are given in Tables II and IV; in the 
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TABLE I 
PRIMARY FRACTIONATION DATA FOR S-2358 

——— — ——— — =a 

| ye . . . 

ee ee om |. Weight-_ | Cumulative | Intrinsic | Product, eg 
Fraction Weight, 8™-) fraction, X | %, “*S” | flow time, [é] | A oft MX 10 

en eens 
1 4.92 | 0.098 | 4.9 | 0.39 | 0.038 | 1.93 
2 4.07 | 0.082 13.9 | 0.58 0.048 3.46 
3 7.04 | 0.141 25.0 | 0.87 | 0.123 6.38 
+ | 7.06 | 0.141 39.1 1.23 0.173 10.9 
5 6.44 | @.429 52.6 1.69 0.218 i.2 
6 } 5.48 } 0.110 64.5 Zan 0.255 27.4 
7 | 2.93 0.059 72.9 2.64 0.156 33.4 
8 | 2.62 | 0.052 77.9 4.24 0.220 67.7 
9 | = 0.028 82.4 4.83 0.135 82.2 
10 | 5.18 0.103 89.0 5.96 | 0.620 | 113.0 

| ———— a } | acalaeeas 

Total | 47.12 | 0.943 | 1.98, | 
| 


Weight of original sample: 50 gm. 
Intrinsic flow time [f] 2 2.02. 





TABLE II 


COMPOSITION OF SOLUTIONS FOR S-2358 


























Added mixture Supernatant liquid 
Fraction — —- 
| Volume, ml. | CeHe, volume % | Volume, ml. | CsHe, volume % 
1 — — 2870 ce 
2 2870 76.6 2825 16.5 
3 2825 78.5 2625 78.5 
4 2825 | 79.3 2815 79.4 
5 2815 79.8 | 2525 80.0 
6 2525 | 80.3 | 2650 | 80.5 
7 2000 80.6 | 2000 | 80.6 
8 2000 80.9 2000 81.1 
9 | 2000 81.8 | 2000 81.5 
10 | -- -— 200 85.1 
} | | 








TABLE III 


PRIMARY FRACTIONATION DATA FOR S-2834 




















| eng ; = | 
. os | Weight- Cumulative Intrinsic Product, es 
Fraction | Weight, gm.) iarttam, xX 2 a flow time [t] | | 5 M X 10 

| 

1 4.00 | 0.114 6.1 0.40 | 0.045 2.0 

2 2.78 | 0.079 16.2 0.66 0.052 4.2 

3 eS 0.072 24.2 0.74 0.053 5.0 

4 2.67 | 0.076 32.0 1.06 0.081 8.6 

5 4.50 | 0.128 42.8 1.38 0.177 i Ee 

6 3.43 0.098 54.7 1.50 0.147 14.5 

7 4.00 | 0.114 65.9 2 .2> 0.257 26.5 

8 9.38 | 0.265 86.0 5.01 1.328 87.0 

Total | . 36.29 0.946 2.149 

| | 














Weight of original sample: 35.00 gm. 
Intrinsic flow time [t] + Ziee ‘ 
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COMPOSITION OF SOLUTIONS FOR S-2834 


TABLE IV 
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Added mixture 


Supernatant liquid 





Fraction 
Volume, ml. 


C.He, volume % 


Volume, ml. |CeHe, volume %| 





2060 
1700 
1600 
1500 
1300 
1000 
1000 





COND Uke Whe 








2060 
2060 
1700 
1600 
1500 
1360 
1000 
1300 





WOK COON 





58 
54 
48 
42 


36 
32 





case of £-2834 the temperatures needed to solubilize the coacervate are also 
given. From these data, integral distribution curves were drawn, and, by 
graphical method, the differential distribution curves of Fig. 1 were obtained 


in turn. 





x10* 





dS 
dM 








=. 











-5 
MW. x 10 
Fic. 1. Differential distribution curves for GR-S samples S-2358 and S-2834. 


In order to test the efficiency of the new method each one of the primary 
fractions from S-2834 was refractionated into four or five subfractions, except 
fraction 8, which had gelled to such an extent that it was not possible to make 
The extent of overlapping in the primary fractions 
is indicated by the results of Table V and the distribution curves of Fig. 2. 


viscosity measurements. 
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TABLE V 
REFRACTIONATION DATA FOR S-2834 
| oe 
Subfraction i (fs x.) | Mx t0- 
| 
Fraction 1 
1A 13.3 0.24 0.060 0.938 
1B 36.2 0.32 0.064 1.41 
i | 65.8 0.47 0.174 2.59 
1D 92.5 0.58 0.087 3.49 
Total 0.385 
Original 0.40 
Fraction 2 
2A 3 0.30 0.05; 1.31 
2B 29.8 0.53 0.11; 3.05 
2 65.8 0.65 0.286 4.13 
2D 94.5 0.82 0.08, 5.84 
Total || 0.53, 
Original | 0.66 
Fraction 3 ; 
3A 6.2 0.42 0.04, 2.16 
3B 7.3 0.55 0.05; 3.22 
s¢ 39.5 0.64 0.20 4.04 
3. 72.3 0.81 0.26 5.74 
3E 94.4 1.01 0.14 7.96 
Total 0.70 
Original 0.74 
Fraction 4 
4A 0. 5.2 0.41 0.037 2.08 
I 0. 20.6 0.56 0.11 3.34 
4C 0. 44.8 0.74 0.19 5.01 
4D 0. 79.4 1.02 0.39 8.09 
Total 0.91 0.73 
Original 2 1.00 1.06 
Fraction 5 
5A 0.06 2.9 0.60 0.036 3.50 
Ss 0.20 16.8 0.91 0.19 6.82 
ak 0.45 52.3 1.01 0.46 7.96 
5D 0.21 88.5 1.62 0.34 16.1 
Total 0.92 1.03 
Original 1.00 1.38 
Fraction 6 
6A 4.1 0.46 0.03 2.47 
6B 15.4 0.63 0.08 3.95 
6C 42.3 1.25 0.45 10.9 
6D 80.9 1.30 0.45 11.6 
Total 1.01 
1.50 


Original 


















































LEGER AND GIGUERE: FRACTIONATION OF GR-S 


TABLE V—Concluded 


REFRACTIONATION DATA FOR S-2834—Concluded 
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ms i Weight, Weight- | Cumulative = 
Subfraction gm. fraction, X| %, “S” [t] x. M X 10-4 
Fraction 7 
7A 0.13 0.04 2.8 0.50 0.02 2.79 
7B 0.28 0.10 10.8 1.05 0.11 8.45 
Te 0.28 0.10 22.4 1.25 0.14 12.3 
7D 0.75 0.26 43.0 1.62 0.42 16.1 
7E 1.05 0.36 79.1 2.00 0.72 22.1 
Total 2.49 0.86 1.41 
Original 2.90 1.00 2.25 
+ 
l 
60 + 














0 2 4 6 8 10 ‘ 12 14 16 18 


MW.x 107 


Fic. 2. Differential distribution curves of seven fractions from GR-S sample S-2834. 


At first there was good agreement between the value of X . [¢] from the sum 
of the various subfractions and that of the original fraction. Towards the 
end, however, considerable discrepancies were observed owing to removal of 


high molecular weight material by gel formation. 


The data listed in Table VI give an over-all picture of the composition of 


various solutions used in the refractionation. 


Based on the data for all the subfractions (Table VII) an integral distribu- 
tion curve was drawn, differentiation of which gave the molecular weight 
distribution curve of Fig. 3. 
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TABLE VI 


COMPOSITION OF MIXTURES FOR THE REFRACTIONATION 








Added mixture 


Supernatant liquid 




















Subfraction I. a. 
Volume, ml. \CoHe, volume %| Volume, ml. |CsH¢, volume % 
Fraction 1 
1A = _- 275 71,2 54 
1B 250 73.5 235 3.4 45 
1c 200 75.8 200 76.6 38 
iD 200 16.7 225 it Be - 28 
Fraction 
2A — — 270 71.8 53 
2B 225 74.7 220 74.9 45 
zC 200 76.7 210 7752 33 
2D 200 76.9 210 ey 28 
Fraction 
3A oo - 275 42.2 53 
3B 200 74.7 200 74.8 45 
a 200 76.7 200 77.6 36 
3D 200 7.2 210 78.1 32 
3E 200 ro ee | 200 78.1 26 
Fraction 4 
4A “= — 275 13.2 53 
4B 200 76.8 215 76.9 38 
4C 200 77.9 200 78.2 32 
4D 200 78.7 200 79.3 28 
Fraction 5 
5A —- — 250 75.8 48 
5B 250 78.2 250 78.6 35 
ct 250 79.3 250 79.7 28 
sD 250 79.4 280 0.0 26 
Fraction 
6A — —- 535 ee 46 
6B 500 77.6 500 vn ae | 38 
6C 500 78.6 460 78.9 30 
6D 500 79.3 570 79.4 27 
Fraction 7 
7A -- oe 510 77.0 43 
7B 500 78.2 500 78.4 38 
7c 500 78.7 470 78.7 34 
7D 500 79.3 500 79.3 29 
7E 500 80.3 500 80.3 26 
Fraction 8 
8A — —- 1030 76.8 45 
8B 1000 78.2 1000 78.4 43 
8C 1000 79.1 1040 79.1 40 
8D 1000 80.2 970 80.4 32 
8E 1000 81.0 1225 81.0 27 
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TABLE VII 


INTEGRAL DISTRIBUTION CURVE OF GR-S 





























| 
ss Wt. of polymer, | Polymer Cumulative a 

Subfraction gm. precipitated, % % “sg” [¢] M xX 10-4 
1A 0.66 4.2 2.1 0.24 0.938 
2A 0.32 2.0 ee (30 1.31 
1B 0.52 3.3 7.9 0.31 1.41 
4A 0.20 ee 10.2 0.41 2.08 
3A 0.19 12 ta..5 0.42 2.16 
6A 0.19 1.2 ee 0.46 2.47 
1c 0.95 6.1 16.3 0.47 2.59 
7A 0.13 0.8 19.8 0.50 2.09 
2B 0.41 2.6 245 0.53 3.05 
3B 0.17 1.4 23.4 0.55 3.22 
4B 0.40 2.6 25.8 0.56 3.31 
1D 0.39 2.5 27.7 0.58 3.49 
5A 0.19 ..2 29.9 0.60 3.50 
LA a 0.52 3.3 31.4 0.64 4.04 
2 0.84 5.4 35.8 0.65 4.13 
4C 0.54 3.4 40.1 0.74 5.01 
3D 0.53 3.4 43.6 0.81 5 74 
22 0.19 1.2 46.0 0.82 5.84 
5B 0.72 4.6 48.8 0.91 6.82 
3E 0.21 3 51.9 1.01 7.96 
oC 1.60 10.2 57.6 1.01 7.96 
4D 0.80 $1 65.4 1.02 8.09 
7B 0.28 1.8 68.7 1.05 8.45 _ 
6C 0.96 6.1 72.6 1.25 10.9 
6D 0.94 6.0 78.8 1.30 11.6 
i. & 0.28 1.8 82.7 1.35 'Z.3 
5D 0.76 4.8 86.0 1.62 16.1 
7D 0.75 4.8 91.0 1.62 16.1 
7E 1.05 6.7 96.6 2.00 22.1 

Total 15.67 100.0 100.0 

Original 17.50 

Discussion 


Comparison of the above data with those of fractional precipitation for the 
same polymer and the same pair of liquids (14) shows that both methods 
lead to essentially the same distribution curve, as it should be. The only 
significant difference is that, with the present method, separation is much 
finer for the low than for the high molecular weight material, whereas the 
reverse is true of fractional precipitation. The same observation was made by 
Sebrell (17) in the fractionation of Buna-S. This is easily understood from 
the sequence of operations involved. Scott (16) has shown theoretically that 
the same molecular weight distribution curves should be obtained by either 
method. He points out, however, that with fractional solution less low 
molecular weight material should find its way into the higher molecular 
weight fractions and concludes that normally extraction should be preferable 
to precipitation. This is borne out by the present investigation (cf. Fig. 2). 
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Obviously the ‘‘coacervate’’ method must give the same general results as 
fractional extraction, with this possible advantage that equilibrium is attained 
more quickly. 

















MxIO° 
Fic. 3. Differential distribution curve of sample S-2834 compared with the refractionation 

curve S-2834,. 

Conflicting opinions exist in the literature regarding the ‘‘coacervate” 
method. For instance, workers of the Duclaux group, who originated it, 
claimed that it was far superior to the usual precipitation. They do admit, 
however, that they were unable to obtain more than four fractions by the 
latter method. On the other hand, Morey and Tamblyn (15) tried both 
methods on a different polymer and found that the fractions were less well 
separated by extraction from a coacervate. From the present investigation 
we conclude that the differences between the two methods are more of a 
practical than of a fundamental character. Also it must be remembered that 
the distinction between a coacervate and a precipitate is by no means a 
sharp one; by altering conditions it should be possible to achieve a gradual 
transition from one form to the other. Thus in the usual precipitation the 
first fractions certainly are obtained as coacervates. What is in a name? 

From the experimental viewpoint the ‘‘coacervate’’ method suffers from a 
number of limitations. Firstly, because the fractions are obtained as fairly 
dilute solutions, isolation of the polymer is a complicated problem, as men- 
tioned above. Another consequence of this state of affairs is the greater 
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number of operations required, which makes the ‘‘coacervate” method more 
time consuming than the conventional ones. Finally, the danger of gel 
formation is increased by the fact that the high molecular weight material is 
carried through all the fractionation process and removed only toward the 
end. This may not be so serious for other types of polymers, but in the case 
of GR-S it resulted in almost complete loss of the last subfractions in spite of 
the presence of an antioxidant. Incidentally it also explains why the differ- 
ential distribution curve obtained by refractionation exhibits a much higher 
peak at 40,000 than the original one, Fig. 3. 


Inspection of Fig. 2 reveals considerable overlapping for fractions 2, 3, and 
4. This is easily understood, as it corresponds to the region of molecular 
weight maximum where the slightest variation in solvent composition entails 
relatively important changes in the amount of polymer coacervated. That 
the possibilities of the “‘coacervate” method were fully exploited is confirmed 
by the fact that fractionation of both samples gave closely similar results, 
although considerable experience had been gained in between. 
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HYDROGEN EXCHANGE REACTIONS OF PHENOL ETHERS 
IN ACETIC ACID SOLUTION. PROMOTIVE AND 
INHIBITORY EFFECTS OF STERIC ORIGIN! 


By WELDON G. Brown, KENNETH E. WILZBACH, AND WILBERT H. URRY 


Abstract 


As a means of avoiding side reactions which were encountered in earlier studies 
of hydrogen-deuterium exchange of phenol ethers with ethanol-sulphuric acid 
mixtures, a new procedure has been devised for the study of exchange reactions 
in acetic acid. ‘The analysis for deuterium in the carboxyl group of acetic acid is 
performed by adding methyl magnesium iodide solution to the solution of 
phenol ether in acetic acid, combustion of the methane so produced, and finally, 
by determining the density of the water formed in the combustion. As compared 
with the former procedure, which required fractionation of the reaction mixture 
to recover the pure constituents, advantages in convenience and accuracy are 
claimed. Results are reported for the following ethers, reacting at 90°C. in 
the presence of trace quantities of sulphuric acid: anisole, o-methylanisole, 
m-methylanisole, 3,5-dimethylanisole, 2-methylcoumarane, veratrole, di-isobuty] 
catechol ether, and the cyclic mono- (di-, tri-, and tetra) methylene ethers of 
catechol. The observed variations in rates are interpreted in part according to 
whether the conditions imposed by structural alterations favor or constrain the 
formation of an intermediate cation for which a quinoidal configuration of bonds 
is required. The role of steric factors is most strikingly demonstrated in the 
series of cyclic ethers of catechol, constraint being evident at a critical ring size 
(7-membered ring) and largely absent for either smaller or larger rings. 


In a previous attempt (10) to demonstrate steric hindrance of hydrogen 
exchange in di-ortho-substituted phenol ethers difficulties arose because of 
side reactions in which the aryl groups of the ethers were replaced by ethyl 
groups derived from the deutero-ethanol of the medium. The sensitivity of 
the highly substituted ethers to cleavage in the presence of acids could in 
itself be regarded as evidence for the existence of an effect closely related to 
that under investigation, namely, the steric inhibition of resonance, since this 
effect should render the aryl ether more like an aliphatic ether with respect to 
acid cleavage. But the occurrence of this reaction vitiated the observations 
on hydrogen exchange because the free phenols thereby formed are theoretic- 
ally not susceptible to steric hindrance and in any case would undergo exchange 
of nuclear hydrogens much more rapidly than the ethers. 

The complications arising from the use of ethanol are avoided by the use 
of carboxyl-labeled deutero-acetic acid which also fulfills the requirements 
for a medium containing active deuterium in which the phenol ethers will be 
soluble. In this medium the phenol ethers, together with the necessary 
catalytic quantities of sulphuric acid, could be heated for long periods of time 
with no indications of side reactions of any kid with one exception to be 
noted later. 

The adoption of acetic acid necessitated an extensive revision of the experi- 
mental technique formerly emploved since it was no longer feasible to recover 


1 Manuscript received January 29, 1949. 


Contribution from the George Herbert Jones Laboratory of the University of Chicago, 
Chicago, Illinois. 
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the pure constituents from the reaction mixtures by fractional distillation. 
In the procedure eventually developed no separation of any kind is performed. 
Methyl magnesium iodide is added to the reaction mixture forming methane 
by reaction with the acetic acid. The methane is freed from organic 
impurities, burned, and analyzed for deuterium on the basis of the density 
of the water of combustion. It is found that no isotopic discrimination 
occurs in the reaction of methyl magnesium iodide with deuterated acetic 
acid; the method is therefore not subject to errors which may arise from 
isotopic separation as in fractional distillation (11). 


In pursuance of the steric aspects of the phenol ether exchange reactions, 
the emphasis has shifted from a study of the steric effects resulting from ortho 
substituents, which can only be negative (inhibitory), to a study of the 
consequences of ring closure and ring size in bicyclic ethers which can produce 
either positive (promotive) or negative steric effects. It is hoped thereby to 
minimize the ambiguity inherent in the elucidation of the steric factor associ- 
ated with the introduction of substituent groups which arises from the fact 
that electronic activation, or deactivation, by the groups is invariably super- 
imposed. 


The basis for the prediction of steric effects lies in the mechanism assumed 
for the acid-catalyzed exchange of ortho and para hydrogen atoms of the 
phenol ethers. It is assumed, largely on the basis of the analogous reactions 
of aromatic amines which have been studied exhaustively (2, 3), that the 
exchange is initiated by transfer of deuterium from the acid to an ortho or 
para carbon atom. The intermediate cation, whether it be an activated 
complex or a chemical species of finite lifetime, must possess a quinoidal bond 
arrangement and, for lowest energy, the plane defined by the oxygen atom 
(now an oxonium oxygen) and the two carbon atoms to which it is bound must 
coincide with the plane of the quinoid ring. An inhibitory steric effect is to 
be expected if for any reason the most favorable configuration cannot be 
attained. This might be the result of interfering substituents occupying both 
ortho positions, or of a bicyclic structure having a rigid and noncoplanar 
configuration. If the structure is such that the key atoms are automatically 
fixed in a suitable configuration, as in planar bicyclic ethers, then by com- 
parison with analogous open-chain structures, a promotive steric effect may 
be expected. Promotive steric effects cannot be large. The open-chain 
structure which serves to define such an effect is presumably free to attain 
the favorable configuration; the difference, if any, must arise from the entropy 
decrease associated with the conversion of the open-chain molecule to a 
quinoidal intermediate which has a relatively more fixed structure. These 
different situations have all been encountered in the series of aromatic amines 
previously investigated and as a consequence the conditions necessary for 
steric effects in the phenol ethers can be set forth with considerable confidence. 


The mechanism outlined above for the hydrogen exchange reactions, and 
the assumption that only ortho and para hydrogen atoms exchange under 
mild conditions, derive support from the following observations. Anisole, 
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which did not exchange hydrogen with acetic acid alone at 90° C. in 48 hr., 
reacted slowly in the presence of sulphuric acid (mixture contained 0.88 
mole % sulphuric acid), reaching a value just short of three for the number 
of hydrogen atoms participating in the same period of time. With the 
introduction of methyl groups in the meta position, the rate of the sulphuric 
acid catalyzed reactions became too fast for measurement; the equilibrium 
attained in the partition of deuterium clearly indicated three exchangeable 
hydrogen atoms in m-methylanisole and in 3,5-dimethylanisole. These ethers 
were sufficiently reactive to undergo exchange at a measurable rate in the 
absence of sulphuric acid. The activating effect of substituent methyl groups 
thus demonstrated is the normal effect for a nuclear substitution reaction 
initiated by an electrophilic reagent. 

An activating effect of smaller magnitude, due to alkyl groups in the ortho 
position, is indicated by the higher initial rates of exchange of o-methylanisole 
and 2-methylcoumarane, as compared with anisole. That the curve for 
anisole eventually crosses the others is a consequence of its having three active 
hydrogens whereas the others have two. The bicyclic ether, 2-methy]l- 
coumarane, having a 5-membered ring which is doubtless coplanar with the 
benzene ring, exchanges at a rate significantly higher than that of o-methyl- 
anisole. This difference is viewed as an example of a promotive steric effect. 


For the further studies of ring structures in relation to steric effects, the 
polymethylene ethers of catechol were selected, largely for the reason that 
these compounds are readily accessible. It is assumed that each oxygen 
should activate hydrogen atoms ortho and para to it and consequently that 
there should be four exchangeable hydrogen atoms. Since the activation 
effects do not overlap, to a first approximation, the general level of reactivity 
should be comparable with that of anisole except to the extent that it may be 
modified by steric effects. None of our experiments were of sufficiently long 
duration to demonstrate the presence of four active hydrogens but the initial 
rates did indeed fall in a conveniently measurable range. 

In the series, CsH,O2.(CH2)-, for values of x ranging from one to four, we 
pass through a number of characteristically different steric situations without 
at the same time altering the number or the essential character of the sub- 
stituents on the benzene ring. The significant features of each situation are 
indicated in Fig. 1; with these are to be correlated the variations in rate of 
hydrogen exchange. A small decrease in rate is noted on progressing from 
x = 1to x = 2; a further and larger decrease is seen at x = 3, while at 
x = 4 the reactivity returns abruptly to approximately the original level. 
The inhibitory steric effect associated with the 7-membered ring (x = 3) is 
not new, the counterpart having been previously observed (3) in a series of 
bicyclic amines. However, tnis is the first demonstration that the greater 
flexibility of the 8-membered ring permits a return to normal reactivity. 


Up to this point the experimental observations are in highly satisfactory 
agreement with theory, but when a comparison is mece cf the cyclic catecho 
ethers with open-chain ethers the agreement ends. Whereas catecholl 
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methylene ether should be equal in reactivity with veratrole, or possibly 
higher because of the promotive steric effect of the 5-membered ring, the 
observed reactivity in hydrogen exchange is actually lower. This result is 


Configuration of *, at 12 be 
a-carbon atoms 


O 
™ oe 
Methylene % Fixed in plane of benzene 1.30 
a 1) Pm ring. 
x= 
O 


O 
% i 
Ethylene CH: Probably out of plane, but 0.79 
ether | | oscillation through plane 
(x = 2) | CHe possible. 
Pf 
oO 
Oo 
; 7™ 
Trimethylene Fa 
ether | Out of plane; semirigid 0.23 
aes i CH. 
(x = 3) poy X structure. 
LoL 
a ile ll 
O 
O 
ro 
Tetramethylene CH:—CHs: 
ether | Position in plane possible. 0.93 
(x ais 4) | CH.—CH, 


Fic. 1. Steric relationships in cyclic ethers of catechol. 


especially puzzling in view of the claim (1), based on other chemical evidence, 
that ‘‘the benzenoid ring of methylenedioxybenzene is more reactive than 
that of veratrole.’’ The chemical evidence to which reference is made is not 
altogether convincing but the conclusion as stated is of course compatible with 
theory. That the anomaly in hydrogen exchange is not confined to veratrole 
is shown by the fact that the diisobutyl ether of catechol exchanges at a rate 
very nearly equal to that of veratrole. 


It must be admitted that catechol methylene ether offered greater diffi- 
culties in the measurement of hydrogen exchange than any other compound 
examined. Except when the most extreme precautions were taken to degas 
the materials and to exclude air, the reaction mixtures darkened and positive 
ferric chloride tests were observed, indicating cleavage. The results of such 
experiments were low, possibly because of consumption of sulphuric acid by 
reaction with cleavage products. In the final experiments, furnishing the 
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results here reported, the mixture at five hours was colorless and gavea 
negative ferric chloride test; at 12 hr. a slight coloration had become evident 
and a faint ferric chloride test was obtained. The reliability of these results 
is probably less than for any other results given, but at the same time the 
uncertainty is believed to be small in comparison with the magnitude of the 
anomaly under consideration. 

In this discussion the role of steric inhibition of resonance in hydrogen 
exchange reactions has been ignored. It will be obvious that we cannot 
have steric hindrance in an assumed quinoidal intermediate cation without 
at the same time subjecting the ether from which the cation is formed to 
steric inhibition of resonance. In a chemical reaction of this kind the two 
effects must operate simultaneously. On energetic grounds it may be reasoned 
that strain in the quinoidal intermediate will be more crucial than a corre- 
sponding degree of strain in one of the resonance forms of the ether. For 
this reason it seems desirable to consider steric effects in reactivity principally 
in terms of the stability of the reaction intermediate. 


Experimental 


General Procedure 

For each substance investigated, a number of tubes were prepared, each 
containing 0.007 mole of the substance and 2 ml. of a stock solution made by 
adding 1 ml. of sulphuric acid to 100 ml. of acetic acid. Each tube, after 
filling, was attached to a vacuum line and air was removed by repeated 
freezing, pumping, and melting operations, and was then sealed under vacuum. 
The tubes were placed in a thermostat at 90 + 0.1° for various reaction 
periods. 

As each tube was opened, a test for phenols was made using ferric chloride 
solution. This test was negative for all substances studied except catechol 
methylene ether, the behavior of which has been noted earlier. The mixtures 
were then analyzed for their acidic deuterium content by the method to be 
described later. 

A control experiment was carried out for each substance in which a similar 
mixture, with no sulphuric acid present, was heated for an extended 
period. With the majority of ethers, no exchange occurred under these 
conditions. Exchange was observed with m-methylanisole and 3,5-dimethyl- 
anisole to the extent shown in Table I. 

The extent of hydrogen exchange is expressed in terms of a quantity, 7’, 


which is given by eon Na [ °_p | 


—— 


D 


where N4/Ns is the molar ratio of acetic acid to solute, D® is the initial con- 
centration and D the final concentration of deuterium in the acetic acid. 
The quantity, 7’, is related to the true number of hydrogen atoms exchanging 
per mole of solute, 7, by a partition coefficient, p, such that n’ = np, and p 
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TABLE I 


HYDROGEN EXCHANGE OF PHENOL ETHERS WITH ACETIC ACID AT 90°C. 




















D.0, % | 
Ether Hours | | n' 
| Initial Final | 
- | | be 
Anisole 2.0 | 2.40 ae 
6.0 2.40 1.96 | i 49 
12.0 2.40 1.83 1.54 
46.7 2.40 1.65 | 2.42 
o-Methylanisole 2.0 2.40 2.04 | 0.87 
12.0 2.40 1.87 1.41 
2-Methylcoumarane 20 2.40 1.98 1.05 
4.0 2.40 1.93 1.28 
18.0 | 2.40 1.85 | 1.47 
| 
m-Methylanisole 2.0 2.40 1.37 2.62 
46.0 2.40 1.37 2.62 
Same, no sulphuric acid added 50.0 2.61 1.99 1.57 
3,5-Dimethylanisole 0.25 2.40 1.61 2.42 
0.5 2.46 TY | 2.80 
12.0 2.46 LSF 2.80 
24.0 2.46 1.58 2.76 
| 

Same, no sulphuric acid added 0.25 2.50 1.94 1.43 
1.0 2.50 1.79 1.99 
23..9 2.50 1.66 2.54 

| 
Veratrole 12.0 2.46 1.82 .. 72 
24.0 2.46 1.68 2.30 
48.0 2.46 1.56 2.85 
90.0 2.46 1.56 2.85 
Catechol diisobutyl ether 6.0 2.46 1.98 1.20 
12.0 2.46 1.84 1.67 
24.0 2.46 tJ 2.13 
48.0 2.46 1.56 2.85 
Catechol methylene ether 5.2 2.46 2.18 0.64 
12.0 2.46 1.95 1.30 
Catechol ethylene ether 6.0 2.46 2.19 0.61 
12.0 2.46 2.42 0.79 
24.0 2.46 1.98 £17 
48.0 2.46 1.81 1.70 
120.0 2.46 1.64 2.48 
Catechol trimethylene ether 6.0 2.46 2.39 0.14 
12.0 2.46 2.35 0.23 
24.0 2.46 2.18 0.61 
48.0 2.46 2.03 1.00 
156.5 2.46 1.82 1.49 
Catechol tetramethylene ether 6.0 2.40 2.14 0.60 
12.0 2.40 2.02 0.93 
24.0 2.40 1.87 1.40 

















* The results given are for the sulphuric acid catalyzed reactions, except as otherwise noted. 
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has values in the neighborhood of 0.8 for solutes of the type under considera- 
tion. This relationship applies only to equilibrium conditions of course; for 
intermediate degrees of reaction the meaning of m’ is somewhat fictitious but 
it serves as a convenient measure, 


Deutero-acetic Acid 

Acetic acid containing approximately 10% CH;COOD was prepared in 
order that methane produced by its reaction with methyl magnesium iodide 
would burn to yield water in the upper range of calibration of the quartz 
float (0 to 3 mole % D2O). Deuterium oxide, 2 gm., was heated under reflux 
with 20 gm. of acetic anhydride for 10 hr. Then, 108 gm. of pure acetic acid 
was added and the mixture was purified by fractional distillation through a 
15-plate, all-glass column. 

In the absence of added sulphuric acid no measurable exchange of hydrogen 
between the methyl groups and the carboxyl groups of acetic acid could be 
observed after 618 hr. at 90°C. With sulphuric acid, at the concentration 
employed in the ether exchange experiments, this exchange reached 2% of 
completion after 188 hr. at 90° C. and is thus negligible for the shorter periods 
of the ether exchange reactions. 


Deuterium Analyses 
The apparatus used in the determinations is shown in Fig. 2. 


























Fic. 2. 


Before performing an analysis, the leveling flask (7) was placed below the 
gas receiver (i), and stopcocks (c), (e), and (f) were opened to allow a slow 
stream of nitrogen to pass through the apparatus into the gas receiver. While 
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the dry nitrogen was passing through it, the reaction flask (g) was dried by 
heating with a gas flame. After 1.5 liters of nitrogen had collected in the 
gas receiver, the flow of nitrogen was stopped by closing stopcocks (c), (e), 
and (f). The leveling flask was then placed above the gas receiver, and the 
stopcock (p) was opened to allow the nitrogen to sweep the purification train 
and combustion chamber to remove residual methane from the previous 
determination. This sweeping with nitrogen was repeated three times. 


Next, the stopper (2) was removed from the reaction flask (g), and pure 
di-n-butyl ether (15 ml.) and the sample to be analyzed (2 ml.) were introduced. 
The leveling flask was placed below the gas receiver, stopcocks (0), (e), and (f) 
were opened and a positive nitrogen pressure forced the Grignard reagent 
from its storage vessel (a) into the reaction flask. The rate of addition of 
the methyl magnesium iodide solution was regulated by adjusting stopcock (e). 
During the addition of the Grignard reagent, magnesium salts precipitated as 
a spongy mass. It was necessary, therefore, to stir the reaction mixture with 
the stirring rod attached to the stopper (#). The methane (about 800 ml.) 
was collected in the gas receiver. 


When methane evolution had stopped, stopcocks (0), (e), and (f) were 
closed. The leveling bulb was placed above the gas receiver, and the stopcock 
(p) was adjusted to allow a gas flow of about 30 ml. per minute. The methane 
bubbled through the trap (&) containing alcoholic silver nitrate to remove 
traces of methyl iodide. Alcohol and water vapor remaining in the gas were 
removed by the cold trap (/), immersed in a dry ice — acetone bath, and the 
drying tube (m), packed with indicating Drierite and phosphorus pentoxide 
on glass beads. 

In the combustion chamber (), the methane was burned in a stream of 
dry air on a glowing platinum wire. Water resulting from the combustion 
was condensed in the cold trap (0). This water, after one vacuum distillation, 
was sufficiently pure for analysis. The deuterium content was determined 
using the temperature-float method previously described (7). - 


The Grignard reagent, 2 N methyl magnesium iodide in butyl ether, was 
prepared in an atmosphere of nitrogen from 200 gm. of methyl iodide, 34 gm. 
of magnesium turnings, and 350 ml. of di-n-butyl ether. After the mixture 
had been held at 35° C. for two hours, the pressure was lowered to 15 mm. to 
remove unreacted methyl iodide. The Grignard reagent was then filtered 
through glass wool and stored under nitrogen in a dark vessel. 


Five determinations, at intervals over a period of two months, on the same 
lot of deutero-acetic acid furnished the following results, expressed in terms 
of % DO in the water of combustion: 2.47, 2.46, 2.47, 2.46, 2.46. 


That the Grignard reagent did not react preferentially with either isotopic 
form of acetic acid is shown by the analysis of three successive samples of 
methane gas generated from one sample of acetic acid: 2.75, 2.74, 2.75. 
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Preparation of Aryl Ethers 


The liquid ethers used in this work were carefully distilled through an 
efficient column and then molecularly distilled immediately before use. The 
physical constants are given in Table II. 


TABLE II 


PHYSICAL CONSTANTS OF THE PHENOL ETHERS 











Compound Bn. C. nv Pr 
Anisole 155 (750 mm.) 1.5152 0.9910 
o-Methylanisole 71. ( 23 mm.) 1.5164 0.9851 
m-Methylanisole 73 ( 23 mm.) 1.5119 0.9766 
3,5-Dimethylanisole 89 ( 15 mm.) 1.5110 0.9569 
2-Methylcoumarane 92 ( 23 mm.) 1.5286 1.0320 
Veratrole 92 ( 12 mm.) 1.5339 1.0828 
Catechol diisobuty! ether 135 ( 11 mm.) 1.4870 0.9406 
Catechol methylene ether 57.2 ( 11 mm.) 1.5382 1.0640 
Catechol ethylene ether 92 ( 11 mm.) 1.5500 1.1685 
Catechol trimethylene ether 94 ( 8mm.) 1.5430 1.1351 
Catechol tetramethylene ether 113 ( 14 mm.) 1.5407 1.1103 














Veratrole was prepared by the addition of aqueous potassium hydroxide to 
a cooled solution of catechol and dimethyl sulphate in methanol (9). 

Catechol methylene ether was prepared from catechol, sodium, and 
methylene chloride by the method of Robinson and Thomas (8). 

Catechol ethylene ether was prepared by heating a mixture of catechol, 
ethylene bromide, potassium carbonate, and copper powder (5). 

Catechol trimethylene ether was prepared by the reaction of trimethylene 
bromide with a solution of catechol and sodium methylate in anhydrous 
methanol (12). 

Catechol tetramethylene ether was prepared by the addition of w-bromo- 
butyl catechol ether to a hot mixture of potassium carbonate in amyl alcohol 
(13). 

Catechol diisobutyl ether was made by the reaction of isobutyl bromide 
with the sodium salt of catechol in isobutyl alcohol. 

Anisole, o-methylanisole, m-methylanisole, and 3,5-dimethylanisole were 
obtained by the action of sodium hydroxide and dimethyl sulphate on the 
respective phenols (6). 

2-Methylcoumarane was obtained from o-allylphenol by heating with a 
mixture of acetic acid and hydrogen bromide (4). 
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